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Spot-Line Chromatography: A Technique for Studying 
Interactions between Proteins and Dyes 


By A. G. CAIRNS-SMITH 
Department of Chemistry, The University, Glasgow, W. 2 


(Received 23 May 1960) 


It has been suggested (Klotz, Burkhard & 
Urquhart, 1952a) that the difficult problem of 
mapping the surface of a soluble protein molecule 
could be approached by studying the binding of 
other molecules, particularly polyfunctional ones, 
by the protein. Analytically, this is a somewhat 
indirect approach, but from a biological point of 
view it has the advantage that the information 
obtained is likely to be directly relevant to the 
function of the protein molecule. 

A more immediate application of binding studies 
is in characterizing empirically proteins or protein 
mixtures which may be encountered in biochemical, 
genetic or pathological work: even where the 
electrophoretic or ultracentrifugal mobilities of 
different proteins are similar, their ability to bind 
dyes, or other easily detectable substances, may 
differ substantially. Binding studies may also 
provide a method of characterizing different con- 
formational states (Eyring & Lumry, 1954) of a 
protein, since changes in the folding of a protein 
molecule may affect its ability to bind other mole- 
cules or ions (Kauzmann, 1959; Klotz, Burkhard & 
Urquhart, 19525). 

This paper describes a small-scale technique for 
detecting and comparing binding between proteins 
and dyes. The technique depends on measuring 
the movement of dye molecules, which may be 
imparted to them by moving protein. If a spot of 
protein is made to move through a line of dye 
drawn at right angles to the direction of movement 
of the protein, then, if there is any binding between 
the protein and dye, a distortion or ‘loop’ may be 
formed in the line. Generally, the greater the 
binding power of a given protein spot the greater 
will be the area of the loop formed in a given line 
of dye. 


EXPERIMENTAL 


Materials. Crystalline bovine serum albumin was ob- 
tained from The Armour Laboratories. Ovalbumin was 
prepared from 1-day-old eggs according to the method of 
Kekwick & Cannan (1936) and recrystallized four times. 
Protein solutions were prepared as required by dissolving a 
known amount (usually about 50 mg.) in the buffer being 
used for the run and making up the solution to 1 ml. 
Except in method 1, where any volatile solvent could be 
used, dye solutions were prepared in the relevant buffer. 
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British Drug Houses Ltd. dyes, most of them standard 
microscopical stains, were used. 

A phosphate buffer (pH 6-8: 0-055m-Na,HPO,-0-044m- 
KH,PO,) was used unless otherwise stated. Solutions in 
this buffer containing 50 mg./ml. of ovalbumin or bovine 
serum albumin had a pH of about 6-6. A borate buffer 
(pH 8-5: 0-022m-H,BO,—0-0088mM-NaOH) was used in the 
starch-gel runs. The other buffers used were borate 
(pH 7-8: 0-16mM-H,BO,-0-01 M-Na,B,0,), diethylbarbitur- 
ate (pH 8-6: 0-05m-sodium diethylbarbiturate—0-01 m- 
diethylbarbituric acid) ‘and acetate (pH 4-0: 0-16m-acetic 
acid-0-04M-sodium acetate). 

Unless otherwise stated, the paper used was Whatman 
no. 1 ‘for chromatography’. Gels were prepared according 
to the method of Smithies (1955) from hydrolysed starch 
obtained from the Connaught Laboratories. 

Method 1. A simple apparatus for paper electrophoresis 
(Kunkel & Tiselius, 1951) was set up, a broad paper strip 
being held between glass plates with the ends of the strip 
dipping into triple-compartment electrode troughs. First, 
lines of dye were drawn on the dry paper with a capillary 
tube and the solvent was allowed to evaporate. The paper 
was then wetted carefully by dipping the centre in a pool of 
buffer on the lower glass plate of the apparatus and lower- 
ing the ends into position. Spots containing about 200 yg. 
of protein were placed 1 cm. behind the dye lines. The 
upper glass plate was then put in position and a potential 
difference of 100v applied across the 30 cm. of paper strip. 
With a phosphate buffer at pH 6-8 both bovine serum 
albumin and ovalbumin are anionic and move at comparable 
rates. They would overtake most of the dyes completely in 
a few hours. The final positions of the protein spots could 
be determined by staining with ethanolic bromophenol 
blue (about 1%) saturated with mercuric chloride, and 
washing with running water. 

Method 2. A strip of paper wetted with buffer was placed 
on the lower glass plate with the ends of the paper dipping 
into the electrode troughs. A polythene sheet was placed 
over the paper and air bubbles were carefully pressed out. 
A dye line was applied by making a slit in the sheet with a 
razor, and rubbing the slit lengthwise with a piece of cotton 
wool wet with a solution of the dye in the buffer. In this 
way a fine uniform line could be formed. The system was 
left for half an hour to allow the amount of buffer in the 
paper to reach a steady value. Pin-holes were then made in 
the polythene sheet 2cm. behind the dye line. With an 
Agla micrometer syringe, small measured volumes of 
protein solutions (10-100 mg./ml.) were placed on the pin- 
holes. Most of the protein then soaked into the paper. The 
small amounts remaining on the surface of the polythene 
were washed in with two small volumes each of buffer. 
A potential gradient of between 5 and 10v/em. was then 
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applied until the protein spots had overtaken the dye 
completely. 

The areas of the loops formed were estimated by drawing 
a line through the centre of the zone of highest concentra- 
tion in the dye line, and then either tracing on paper, which 
was cut out and weighed, or, in favourable cases, measuring 
the area of a closely fitting triangle. 

Method 3. Here the dye was applied by cutting 4mm. 
wide strips from the paper, and soaking these in a dye 
solution (about 0-01%) for a known time (about 30 sec.). 
The strips were then placed in position on the glass plate 
together with the rest of the paper soaked in pure buffer. 
Method 2 was then followed. The advantage of this modi- 
fication was that closely comparable dye lines could be 
applied in different runs. 

Method 4. Starch gel could be used as an alternative to 
paper as the supporting medium. Gels were prepared in 
shallow (12 in. x6 in.) Perspex trays. Here the selected 
procedure for testing interaction between protein and dye 
depended on the relative mobilities of the two. Where the 
protein moved more rapidly than, but in the same direction 
as, the substrate (as, e.g., with bovine serum albumin 
and Biebrich scarlet) the following procedure was used. 
The gel was cut at right angles to the direction of the 
current and one of the two pieces removed from the tray. 
A few millilitres of dye at a known concentration (about 
0-01%) were run into the empty part of the tray, which 
was tilted slightly so that the dye solution did not come 
into contact with the gel. The tray was then carefully 
tilted so that the dye came into contact with the cut edge 
of the gel for a given time (about 30 sec.). The stained edge 
of the gel was then washed with two small portions of 
buffer. The other piece of gel was replaced and a current 
passed for a few minutes so that the dye line which had 
been formed moved into one of the pieces of gel. The 
protein was inserted by the technique, described by 
Smithies (1955), of placing on the cut edge of the gel small 
rectangles of filter paper soaked in the protein. In this 
way a very fine initial dye line could be formed under 
reproducible conditions and a measured amount of protein 
placed immediately behind it. Modifications of this pro- 
cedure were used where the relative mobilities of the dye 
and protein were qualitatively different from that des- 
cribed. If, for example, the dye moved faster than the 
protein, the latter was run into the gel first, the paper with 
which the protein was applied removed, and then the dye 
line was formed as before. 


RESULTS AND DISCUSSION 


Qualitative experiments 


A number of dyes were tested by method 1 with 
bovine serum albumin and ovalbumin. Most of 
these dyes are listed in Table 1, together with 
estimates of their binding by the two proteins. 
Such estimates can only be approximate since the 
effective concentrations of the dyes were not 
known and differences in adsorption of the dyes on 
the paper were not accurately accounted for. In 
some cases the dye was too insoluble in the buffer 
or too strongly adsorbed on the paper to allow the 
formation of clear loops: Sudan II and III, Congo 
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red and Congo rubin all interact with bovine 
serum albumin, but this was shown only by a 
slight smearing of the dye line in the path of the 
protein (Fig. 1f). At the other extreme, picric 
acid, fluorocene or bromophenol blue diffused too 
readily to maintain a clear line. Chromotrope also 
was unsatisfactory because it moved at about the 
same rate as the proteins. Orange G and Naphthol 
green B both move faster than the proteins under 
the conditions of the experiment; but reverse 
loops could be obtained with these dyes by allowing 
them to overtake bovine serum albumin spots 
(Fig. 1g). 

Fig. 1 illustrates some of the effects produced. 
Often these showed characteristic features. In the 
loops formed by bovine serum albumin with 
Biebrich scarlet, when the dye was at a relatively 
high concentration, there were two distinct zones: 
the main band had a ‘flame’ smeared out in front 
of it (Fig. 1a), suggesting different binding sites on 
the protein, from some of which the dye is released 
more slowly. At lower concentrations of dye this 
effect became less pronounced. The effect was 
shown also with Orange G, where bovine serum 
albumin spots remained coloured with the dye for 
some time after the two had apparently separated 
(Fig. 1g). 

The sample of Trypan blue which was used con- 
tained a minor purple impurity. Under the condi- 
tions of the experiment, separation of the two 





Table 1. Binding of dyes by bovine serum albumin 
and ovalbumin as indicated by loop formation 


S, M and W indicate strong, moderate and weak effects 
respectively; O indicates that no effect was detected. 


Bovine 
serum 

No. Name albumin Ovalbumin 
1 Neutral red chloride O O 
2 Methylene violet O O 
3  Safranine O O 
4 Nigrosine C S O 
5 Acridine orange O oO 
6 5-Aminoacridine O O 
7  Pyronine G WwW M 
8 Brilliant cresyl blue WwW Ww 
9 Celestine blue O oO 
10 Gentian violet M oO 
11 ___— Brilliant green M O 
12 p-Aminoazobenzene M W 
13. Chrysoidine M O 
14 Congo red M oO 
15 Congo rubin M O 
16 Benzopurpurine 4B M O 
17 Orange G 8 O 
18 _Biebrich scarlet M O 
19 Trypan blue M O 
20 Methyl orange M O 
21 + Aurantia M M 
22 ~=Eosin M oO 
23 Naphthol green B 8 O 
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components by normal electrophoresis was barely 
visible even after several hours. The passage of 
bovine serum albumin through the line, however, 
separated the components very clearly, two distinct 
loops being formed (Fig. 1e). 

Where the dye was fairly strongly adsorbed by 
the paper, quite good loops could be obtained by 


Www 
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setting up the experiment as described earlier, and 
then allowing the buffer to siphon slowly through 
the paper without any electric current. This could 
be done simply by having a difference of a few 
centimetres in the level between the buffer solu- 
tions in the electrode troughs. This emphasizes that 
the effects described here are essentially chromato- 


Fig. 1. (a) Effect produced when bovine serum albumin (left) and ovalbumin (right) move through a line of 
Biebrich scarlet. The initial positions of the dye (---) and the proteins (+) are shown. (5), (c) and (d) Effects 
produced with these proteins and p-aminoazobenzene, Aurantia and Pyronine G respectively. (e) and (f) 
Effects produced by bovine serum albumin with Trypan blue and Congo rubin respectively. (g) Illustrates the 
reversed loop formed when a line of Orange G overtakes a spot of bovine serum albumin. 
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graphic: an electric current is simply one of a 
number of possible devices for making the protein 
move: loops result from a partition of the dye 
between a moving and a stationary component. 

With starch gel as the supporting medium, very 
clear loops could be obtained, provided that the 
runs were fairly short; but this medium had the 
disadvantage that diffusion of the dye tended to be 
greater than on paper, and that the loop areas were 
not so conveniently measured. 

Discussion of qualitative results. Goodman (1958) 
has envisaged the serum-albumin molecule as a 
transport vehicle for fatty acids. The ability of 
moving serum-albumin molecules to transport 
other molecules is very clearly illustrated in the 
experiments described here and, as shown particu- 
larly by the resolution of two components in 
Trypan blue microscopical stain, a solution of 
bovine serum albumin may act as a fairly selective 
chromatographic solvent. The relatively high con- 
centration of serum albumin in the blood must 
increase considerably the efficiency and selectivity 
of blood as a solvent. 

According to Klotz, Gelewitz & Urquhart (1952), 
the exceptional binding power of the serum 
albumins is restricted to anions and neutral mole- 
cules. Certainly, in the experiments described here, 
all the anions tested which gave definite results 
(14-23 in Table 1) showed some binding with 
bovine serum albumin whereas only some of the 
cations did. This is particularly striking since the 
protein was anionic in these, as in most previous 
experiments (Klotz & Urquhart, 1949). The 
cationic triphenylmethane dyes gentian violet and 
Brilliant green, however, were bound moderately 
by bovine serum albumin. 

Of the neutral and cationic phenazines and 
acridines investigated (1-6 in Table 1) only Nigr- 
osine C was bound by bovine serum albumin, but 
this was bound very strongly. It may be signifi- 
cant that of this group of substances Nigrosine C 
alone contains a p-quinonoid electronic system 
similar to those in the triphenylmethane dyes. 


Derivation of loop area 


In deriving an expression for the area of the 
loop formed when a spot of protein moves through 
a line of dye, it is convenient to consider first the 
case where the protein moves into a uniform broad 
band of dye of molecular concentration [X] (see 
Fig. 2). It will be assumed that the relative move- 
ment is slow enough for the protein and dye always 
to be in equilibrium, and that binding of dye does 
not significantly alter the rate of the protein 
molecules. 

As the protein spot enters the band, the total 
concentration of dye will rise in the front element 
of the spot if there is any protein—-dye binding 


(Fig. 26). It will continue to rise until the rate at 
which the dye molecules are entering the first 
element equals the rate at which they are leaving 
it and entering the second, i.e. until the concentra- 
tion of unbound dye within the first element rises 
to the value [X]. Similar steady states will be 
reached successively in each element until finally 
dye will be leaving the spot at the concentration 
[X], which will be the concentration of unbound 
dye throughout the spot. Then, provided that the 
protein molecules bind independently of each other, 
the average number of dye molecules bound by 
each protein molecule will be the same, and inde- 
pendent of the protein concentration. By this 
stage a ‘wedge’ will have been formed in the band 
(Fig. 2c). Since the free dye concentration will be 
the same at each point in the spot as in the band 
as a whole, the bound dye will be equal to that 
missing from the wedge. The area of the wedge will 
thus be proportional to the number of protein 
molecules, and independent of the size, shape or 
concentration distribution of the spot: i.e. for a 
given protein, and for a given band of dye: 


A = constant x W, (1) 


where W is the weight of protein in the spot and A 
the area of the wedge. 

If [X,] is the concentration of bound dye in a 
uniform spot with a protein concentration of [P], 
and B is the area of the spot, then 


[X,]B = [X]A. (2) 


(a) 


(b) 


(<) 





WM 


Fig. 2. Protein spot entering a broad band of dye. For 
further explanation see text. 
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Hence: _ [Xz] W x 
PPT tom EX)’ 





(3) 


where ¢ is the effective thickness of the buffer in the 
supporting medium and m is the molecular weight 
of the protein. 

Goodman (1958) and Scatchard, Coleman & 
Shen (1957) showed that if there are several classes 
of independent binding sites on the protein mole- 
cules, and n; sites with an apparent binding con- 
stant K;, then the relationship 





[Xz] n,K; 
Ss = (21S, (4) 
ta 1+K{[X] 
is approximately true; hence from (3): 
Ww 4K; 
ae n, K; (5) 


t.m~'14+4K{X] 
If a proportion of the unbound dye molecules are 
adsorbed by the supporting medium, and [X’] is the 
concentration available for binding by the protein, 
then [X’] must be substituted for [X] in (4), so that 
(5) becomes 
[X’] W n,K; 


A te ee ioe 5’ 
[X]¢.m'1+K{X’] (5) 





but, provided that there is no competition between 
the protein and the dye for adsorption sites on the 
supporting medium, the general conclusion (1) 
should still hold. 

Under the reversible conditions postulated, a 
protein spot emerging from a band of dye would 
deposit a wedge exactly similar to that removed on 
entry. The looped band so formed could be regarded 
as being made of a number of parallel elements 
each acting independently: the area of the loop 
formed when a spot of protein moves through a 
band of dye should thus be independent of the 
width of the band. 

The argument applied to the formation of a 
cut-out wedge in a broad band of dye would still 
apply where there was rapid but irreversible binding 
of dye at 7» sites on the protein molecules, except 
that the term ,/[X] would have to be added to the 
sum in (5). The wedge deposited as the protein 
left the band would be smaller than the cut-out 
wedge and would be due only to the reversible 
sites: (5) would still apply to the area of this wedge. 
If, however, the width of the band were to be 
reduced so that there was insufficient dye to 
saturate the irreversible sites (i.e. if the cut-out 
wedge due to the irreversible sites alone were 
greater than the width of the band) then no loop, 
or an incomplete loop, would be formed. In the 
quantitative experiments described below with the 
bovine serum albumin-—Biebrich scarlet system, 
such rapid irreversible binding did not occur since 
at the end of each run complete loops had been 
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formed, showing that any irreversible sites must 
have been saturated, and no dye was visible on the 
protein spots. The concentration of the protein, 
and the limit of visibility of the dye on the paper 
(about 0-0005 %), were such that a dye concentra- 
tion of below one-tenth of that required to saturate 
only one site on the protein would have been 
visible. 


Quantitative experiments 


A series of experiments (method 2) were carried 
out in which different known amounts of bovine 
serum albumin were run through a uniform line of 
Biebrich scarlet. As expected, low dye concentra- 
tions and large amounts of protein favoured large 
loops. The relationship (1) was approximately true 
for this system, except that plots of A against W 
generally cut the z axis well above the origin: there 
appeared to be a minimum threshold amount of 
protein required for loop formation. That this 
threshold depended on C, the area of paper 
covered by the protein before reaching the dye 
line, is suggested by Fig. 3; these results can be 
explained if it is assumed that the loop area was 
proportional to the effective weight of protein 
overtaking the dye line, but that this effective 
weight was decreased by about 20yg./em.? of 
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Fig. 3. A is the area (cm.?) of the loop formed in a line of 
Biebrich scarlet by a spot (W wg.) of bovine serum albumin 
which has traversed C cm.? of paper. Relative concentra- 
tions of dye in three runs, as judged visually: A > O>@. 
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paper covered by the protein before reaching the 
dye. In these experiments variations in C resulted 
mainly from variations in the widths of the spots, 
each of which was placed a known distance of about 
2 cm. behind the dye line. 

In another series of experiments (method 3), 
spots containing the same weight of protein were 
made to move through oblique lines of dye. Fig. 4 
illustrates the effect produced in such runs. These 
experiments showed clearly that, initially, decay in 
binding power depends on the distance moved by 
the protein before reaching the dye line. In a 
number of runs with different dye concentrations, 
and with spots containing between 100 and 
300 pg. of protein, the initial rates of decay were 


equivalent to the loss of between 10 and 30 yg. of 


active protein/cm.? of paper traversed. The decay 
then became less pronounced, until finally loop 
areas were approximately constant (usually at 
somewhat below 10% of their initial values). 
Fig. 5 (open symbols) shows a typical plot of loop 
area against area of paper swept out by the protein 


before this reaches the dye. When a number of 


spots (300 yg.) of the protein were placed 2 cm. 
behind a dye line, considerable variations were ob- 
served in the areas of the loops subsequently 
formed ; but when smal! variations in the width of 
the spots were taken into account, and A was 
plotted against C, a straight line was obtained 





Fig. 4. Typical decay pattern formed when spots contain- 
ing the same amounts of bovine serum albumin move 
through oblique lines of Biebrich scarlet. Protein starting 
points: +. 
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A (area of loop; cm.*) 
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C (area of paper traversed by protein; cm.?)' 


Fig. 5. Binding of Biebrich scarlet shown: (a) by spots 
(200 ug.) of bovine serum albumin which have moved 
different distances before reaching the dye (O); (b) same, 
with paper previously washed with a solution of the protein 
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Fig. 6. Binding of Biebrich scarlet shown by spots 
(300 ng.) of bovine serum albumin with variations in the 
widths of the spots. In the first run (a, @) spots moved 
through one dye line at 2cm. from the protein starting 
line. In the second run five spots moved through two dye 
lines at 2cm. (b, A) and 14cm. (c, O) from the protein 
starting line. 
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(Fig. 6a). In another similar run the widths of the 
spots were varied deliberately over a much larger 
range by using different amounts of buffer to wash 
the protein on to the paper. The spots were then 
made to move through two parallel lines at 2 cm. 
and 14cm. from the protein starting line. These 
results, which are similar to those obtained by 
varying the length of the protein run, are plotted 
in Fig. 6 (b) and (c). A somewhat greater initial 
loss of binding power is indicated here (about 
40 »g./em.? of paper traversed). 

Quantitative runs with ovalbumin were unsatis- 
factory since both Aurantia and Pyronine G moved 
and diffused too quickly to maintain clear loops 
over a long period. The results of runs with oval- 
bumin and oblique lines of Aurantia were very in- 
definite, although they suggested that binding 
decay, if it occurs at all in ovalbumin, is not so 
pronounced as in bovine serum albumin. 


Further investigation of binding decay 
in bovine serum albumin 


Results so far considered suggest that there is a 
relationship between the loss of binding power of 
bovine serum albumin for Biebrich scarlet and the 
area of paper traversed by the protein: that the 
phenomenon is due to some kind of interaction 
between the protein and the paper. Results of 
‘control’ experiments designed to detect alter- 
native causes are now considered briefly. 

Dilution of the protein spots, as they move 
across the paper, might account for the apparent 
decay in binding power which is observed (if, for 
example, there is competition between the protein 
and the dye for adsorption sites on the paper). But 
a spot containing 25 yug./em.? of paper could still 
give a larger loop in the first of two dye lines 
through which it passed, and ‘decayed’ spots with 
concentrations of over 50yg./em.? could be ob- 
tained. A dilution effect, if operating at all, cannot 
account for the whole of the decay. 

Dissociation of different components within the 
protein spot might affect its loop-forming ability. 
Such dissociation could be increased both as a 
result of increasing the width of the spot (a dilution 
effect) and, through electrophoretic separation of 
the components, by increasing the distance moved 
on the paper. However, binding power was not 
restored when ‘decayed’ spots were reversed in 
their tracks, as would have been expected if 
electrophoretic separation was an important factor. 
Also, decay patterns (like Fig. 4) were produced 
even when the protein was made to move simply by 
siphoning the buffer through the paper. 

Prolonged pre-dialysis of the protein had little 
effect on decay patterns: the decay cannot be due 
to the loss of a loosely bound small molecule or ion 
from the protein. 
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Time and temperature. A run with oblique lines 
was carried out in which the protein was allowed 
to stay on the paper for 2 days before the current 
was switched on. In another similar run an alter- 
nating current was first passed for the same period. 
In both of these experiments normal decay patterns 
resulted. Evidently the protein must move before 
extensive decay in its binding power occurs: 
contact with a limited amount of paper is in- 
sufficient to produce the effect, as is rise in tempera- 
ture due to the passage of current. 

In another experiment protein spots were run on 
paper as usual for long enough to induce maximum 
decay. Then new spots were placed in line with the 
original ones, and both sets allowed to move 
through a line of Biebrich scarlet. The new spots 
gave much larger loops than the original ones, 
demonstrating that the decay is not due to changes 
in the dye, buffer or paper during the runs. 

Buffers and pH. Decay patterns were produced 
with phosphate (pH 6-8), borate (pH 7-8) and 
diethylbarbiturate (pH 8-6) buffers. With an 
acetate buffer at pH 4-0, with the protein moving 
towards the cathode, loop areas again decreased 
with the area of paper traversed; but this may have 
been due entirely to the comparatively heavy loss of 
protein on to the paper which occurs under these 
conditions. 

Supporting medium. The areas of loops formed in 
starch gel were difficult to estimate owing to 
relatively fast diffusion of Biebrich scarlet in this 
medium; but, except where the protein was placed 
immediately behind the dye line, loops of about the 
same area were produced in a dye line when spots 
containing the same amount of protein were made 
to overtake the dye simultaneously after moving 
different distances. Spots with very short distances 
to move before reaching the dye (about 1 mm.) 
gave larger loops than the others by a factor of 
1-5-2-0. 

The decay phenomenon was observed with each 
of six different grades of paper (Whatman nos. 1, 
2, 3, 4, 7 and 84). 

In view of the dependence of the decay pheno- 
menon on the area of paper swept out by the 
protein, and the lack of support for alternative 
explanations, it appears that the effect is due to 
some kind of interaction with the supporting 
medium. If this is so there must be only a limited 
number of active sites on the paper, enough, that 
is, to induce decay in about 20 ug. of protein/em.? 
of paper. Five general types of interaction can be 
considered : (1) permanent adsorption of the protein 
by the paper; (2) permanent and preferential 
adsorption of a minor active component by the 
paper; (3) loss of a mordant ion or molecule to the 
paper; (4) competitive binding of an impurity from 
the paper; (5) direct interaction between protein 





456 A. G. CAIRNS-SMITH 1961 


and paper which does not immobilize the protein 
but decreases its binding power. 

(1) The decay patterns (Fig. 4), showing as they 
do rapid initial decline in binding power followed 
by loops of approximately constant area, are not 
consistent with a simple loss of total protein due to 
‘tailing’. A small amount of protein is lost on to 
the paper by permanent adsorption (Kunkel & 
Tiselius, 1951): by staining with bromophenol blue, 
a fairly uniform tail can be seen between the 
starting point and the final position of the spot. 
However, the amount of protein lost in this way is 
normally only about 2 »g./em.? of paper traversed. 

(2) The protein tails were not noticeably more 
dense in the region of rapid decay than elsewhere. 
If decay is due to preferential adsorption of an 
active component this must be present in a very 
small amount. 

(3) and (4) These would fit the data so far dis- 
cussed. Treatment of the paper with a large 
number of different solvents had little or no effect 
on the decay. Also, washing the paper with a 
large excess of the protein did not prevent it (see 
Fig. 56). If the decay results from binding by the 
protein of an interfering ion or molecule then even 
if the numerous solvents were not effective in 
removing it the protein itself should have been. 
In another experiment, four sets of protein spots 
were made to move along the same set of tracks. 
There was no increase in the size of the loops 
formed by the later spots. Interaction with the 
paper by any of the mechanisms (1)—(4) would 
have been expected to have left some sort of trail 
in which the paper would have been less effective in 
inducing binding decay in further protein. 

Similar binding decay was observed with eosin or 
gentian violet in place of Biebrich scarlet. There is 
a marked change in the colour of eosin when it is 
bound on bovine serum albumin. The decay can be 
seen here by soaking the whole paper in eosin solu- 
tion and watching the deeper pink of the bound 
eosin fade as a protein spot moves across the paper. 

A series of long spots containing up to 4 mg. of 
bovine serum albumin were run across a piece of 
paper which was then sprayed with a dilute solution 
of bovine serum albumin (to give a concentration of 
about 20 yg./em.*) followed by an eosin solution. 
There was no sign of an inactive trail behind the 
spots. This would have shown up as a deeper pink. 

The decay in the binding power of bovine serum 
albumin for Biebrich scarlet or eosin, as the pro- 
tein moves across filter paper, thus appears to be 
due to (5), direct protein-cellulose interaction 
resulting in some permanent change in the protein 
but not in the cellulose. The ‘decayed’ protein 
cannot be completely denatured, since denaturation 
gives rise to heavy tailing of bovine serum albumin 
spots. The much smaller normal tailing observed 


with native bovine serum albumin may be due to 
the presence of a limited number of sites on the 
paper which adsorb and denature the molecules, 
It is suggested that there are about ten times as 
many adsorption sites on the paper which produce 
less drastic but persistent changes in the protein 
molecules, and that these changes result in the 
observed decrease in their dye-binding ability. 
Decay in the binding power of bovine serum 


albumin has been noted on prolonged contact with | 


0-01 N-sodium hydroxide or heat, and attributed to 
a denaturation effect (Klotz, Triwush & Walker, 
1948). 


SUMMARY 


1. Binding between proteins and other molecules 
can be studied by allowing a spot of protein to 
overtake a line of a second component in a suitable 
supporting medium. Binding may be shown by a 
distortion or loop in the line. This effect has been 
used to screen a number of dyes for interaction 
with bovine serum albumin and ovalbumin. 

2. It has been shown that under ideal conditions 
the area of the loop formed by a given protein in a 
given line of dye should be proportional to the 
total weight of active protein in the spot. This has 
been verified as being approximately true for the 
bovine serum albumin—Biebrich scarlet system, but 
with one important reservation. 

3. As bovine serum albumin molecules move 
across filter paper, their binding power for Biebrich 
scarlet falls to about 10 % of the initial value. This 
seems to be due to adsorptive interaction between 
the protein and the paper. 


I wish to thank Dr J. H. Renwick and his colleagues, and 
Dr G. Leaf, for demonstrating their starch-gel and paper- 
electrophoresis methods. I am grateful also to Dr W. R. 
Rees and to Dr H. N. Munro for discussions. 
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The Autodegradation of Ribonucleoprotein in Escherichia coli 
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(Received 20 April 1960) 


The ribonucleic acid fractions responsible for a 
wide fluctuation in concentration of ribonucleic 
acid in Escherichia coli have been shown to be 
confined to one sedimentation fraction and called, 
for convenience, ‘fluctuating ribonucleic acid’ 
(Wade & Morgan, 1957). When efforts were made 
to separate the ribonucleoprotein from other cell 
constituents, difficulties arose from the lability of 
the ribonucleic acid. Even under very mild condi- 
tions of dialysis and storage, the ribonucleic acid 
quickly became degraded into acid-soluble sub- 
stances apparently by the action of one or more 
heat-labile enzymes. 

Ribonucleic acid depolymerases have been 
demonstrated in Escherichia coli but only their 
behaviour towards free ribonucleic acid has been 
fully examined (Brummond, Staehelin & Ochoa, 
1957; Speigelman, 1958; Elson, 1959). The present 
study has been directed more towards the be- 
haviour of endogenous ribonucleic acid. The results, 
it was hoped, would provide not only information 
which could be put to immediate practical use by 
suggesting methods of keeping preparations of 
ribonucleoprotein stable but also information on 
the structure of undegraded ribonucleic acid and 
perhaps the process of its synthesis in vivo. 


MATERIALS AND METHODS 


Cultural conditions. Escherichia coli (N.C.T.C. 1100) was 
cultured at 37° on a medium (TG3/W) prepared in the 
following way. 

A concentrate was prepared by mixing three solutions 
(A, B and C) together. Soln. A: 2-8 kg. of Tryptone (Oxo 
Ltd., London) was mixed with 1-051. of 2m-K,HPO, and 
madegup to 19-6 1. with water. The solution was adjusted to 
pH 9-3 with NaOH, brought to 100° for 5 min. and then 
filtered (Green’s paper no. 904). Citric acid (112 g.) was 
added, the pH was adjusted to 7-6 with HCl and the 
volume readjusted with water to 19-61. The solution was 
sterilized in volumes of 2-81. with steam at 10 lb./in.? for 
30 min. Soln. B: 406 g. of NaCl, 140 ml. of M-ferric citrate, 
14 ml. of M-CaCl, and 560 ml. of m-MgSO, were made up to 
2-81. with water. Volumes of 750 ml. were sterilized with 
steam at 10 lb./in.? for 20 min. Soln. C: 2-8 kg. of glucose 
was made to 5-6 1. with water and the solution sterilized in 
volumes of 11. with steam at 10 |b./in.? for 10 min. The 
concentrate was prepared by mixing 2-8 1. of soln. A, 750 ml. 
of soln. B and 11. of soln. C together and was stored at 
2-5°. 


For the preparation of resting cells, the concentrate was 


diluted with 4 vol. of water ; for the preparation of dividing 
cells it was diluted with 9 vol. of 55 mm-NaCl. 

The culture vessel consisted of a length (30-5 or 91-5 cm.) 
of Quickfit pipeline (Quickfit Visible Flow Ltd., Stoke-on- 
Trent, England), 15 cm. diam., supported vertically from 
beneath by a stainless-steel plate (1-5 em. thick) through 
which services for temperature control, aeration, stirring and 
drainage were provided. The top of the vessel was sealed by 
a second plate (6 mm. thick) in which were incorporated an 
opening for effluent air, pH electrodes and an antifoam 
spray unit. The temperature control was provided by an 
electronic thermostat, type TcF1 (Fielden Electronics Ltd., 
Manchester, England), operating alternately two solenoid 
valves, type RBG (Teddington Industrial Equipment Ltd., 
Sunbury-on-Thames, England), which allowed either hot 
water (or steam) or cold water to pass through a stainless- 
steel finger protruding into the vessel. 

Air passed through the culture (1 vol. of air/vol. of 
medium/min.) was dispersed by the combined actions of a 
bottom-drive impeller (14000 rev./min.) and a static 
system of stainless-steel vanes fixed to the bottom of a 
down-draught tube (10 cm. diam.), the length of which 
could be adjusted to suit the length of pipeline. A filtered 
solution of Antifoam A (Midland Silicones Ltd., London) 
in carbon tetrachloride (20% soln.) was sprayed on to the 
surface of the culture at regular intervals to combat the 
extensive foaming which would otherwise occur. Both 
influent air and, after condensation of the moisture, the 
effluent air were passed through cotton-wool filters. The 
whole system was sterilized by passing moist NH, through 
it for 18 hr. The pH of the culture was adjusted to 7-5 
when necessary by passing the influent air through aq. 
NH, soln. (sp.gr. 0-88). 

Resting cells were taken from a culture in which no further 
increase in extinction could be detected. The cell density 
was about 10 mg. dry wt./ml. Dividing cells were prepared 
continuously by displacing the culture with fresh medium, 
at the rate of 1 vol. of medium/vol. of culture/hr., corre- 
sponding to a doubling time of about 40 min. The cell 
density of the reaped culture was about 2-5-3-0 mg. dry 
wt./ml. 

The harvested culture was immediately cooled to 0-2°. 
The cells were sedimented continously in a De Laval centri- 
fuge at 2-5° and washed twice by centrifuging in 20 vol. of 
a solution containing 0-145m-NaCl and 5 mm-MgCl,. The 
cells were recovered as a thick paste from the final centri- 
fuging and stored at — 20°. 

Disintegration and fractionation by sedimentation. The 
frozen cells were disrupted by the method of Hughes (1951) 
as described by Wade & Lovett (1958). The fractionation 
was carried out on a suspension of the disrupted cells 
(10 % wet wt. suspension in 0-145 m-NaCl) inaSpinco model L 
centrifuge (no. 30 rotor) at the average centrifugal forces 
indicated in Fig. 1. The fractions obtained were made up to 
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the original volume by the addition of a solution containing 
0-145M-NaCl and 5 mm-MgCl,. 

Dialysis. Dialysis was carried out in cellophan tubing 
(3 cm. flat width) against at least 100 vol. of salt solution at 
2°. For each millilitre of suspension, 3 cm. length of tubing 
was used. 

Buffers. The acetate—veronal buffers of Roth (1954) were 
adjusted to J 0-15 and used to examine the effect of pH; on 
other occasions during the examination of endogenous 
ribonucleic acid (RNA), 2-amino-2-hydroxymethylpro- 
pane-1:3-diol (tris)-HCl buffer was used. 

Degradation of ribonucleic acid. Method 1. In prelimi- 
nary experiments the progress of RNA breakdown was 
followed by determining the conversion of RNA pentose 
(purine-bound pentose) into an acid-soluble state, by means 
of the orcinol reaction. Measurements on the acid extract 
were not suitable because nucleosidases, under certain con- 
ditions, liberated pyrimidine-bound ribose. It was neces- 
sary to rely instead upon measurements of acid-insoluble 
pentose (Wade & Morgan, 1957). 

Method 2. In later experiments, in which less precision 
was required, the increase in absorption at 260 mp of an 
acid extract was taken as a measure of RNA breakdown. 
The following factors were considered about possible inter- 
ference from deoxyribonucleic acid (DNA). The ratio 
RNA: DNA in dividing cells is about 8-5:1. At pH 7-5 10- 
50% of the DNA breaks down in the absence of ethylene- 
diaminetetra-acetic acid (EDTA) in 100min.; in the 
presence of EDTA no breakdown of DNA into acid-soluble 
substances occurred. The total concentration of RNA was 
deduced from the extinction of acid-soluble products from 
an alkali hydrolysate (0-3N-KOH at 37° for 18 hr.) with a 
molecular extinction coefficient [e(P)] of 10 700, calculated 
from the mean of four determinations of base ratios (Wade 
& Morgan, 1957). 

To overcome difficulties which arise from the turbidity of 
acid extracts obtained by centrifuging, the samples 
(0-05 or 0-1 ml.) from the reaction mixture were absorbed 
by Whatman no. 542 filter paper (about 10 cm. from a roll of 
1 cm. width for each sample). The paper was then immersed 
in 8 ml. of 1% perchloric acid kept at room temperature. 
The test tube was inverted three times during a period of 
1 hr. and, after 1-4 hr., the extinction values of clear acid 
extracts were measured in 1 cm. cells of the Unicam SP. 
500 spectrophotometer (Cambridge Instruments Ltd., 
Cambridge, England). When the influence of pH upon 
depolymerase activity was examined the determinations 
were carried out on either single or duplicate samples. 

Degradation of deoxyribonucleic acid. The concentration 
of DNA was determined by precipitation with 5 % trichloro- 


Suspension of disrupted 
dividing cells (D) 


Centrifuged at 25 000g for 1 hr. 


Deposit (RI) Supernatant (SI) 


Centrifuged at 78 000g for 7-5 hr. 


| 
J 
Deposit (RIT) Supernatant (SIT) 


Fig. 1. Summary of fractionation procedure. 


H. E. WADE 


1961 


aceticacid, washing with 5 % trichloroacetic acid and hydro- 
lysing for 15 min. at 95° in 5% trichloroacetic acid. The 
hydrolysate was filtered through a sintered-glass (H 3/H 5) 
filter (12 cm. length, 1 cm. diam. ; Baird and Tatlock Ltd., 
London) and then treated with diphenylamine reagent 
(Morse & Carter, 1949). An acid hydrolysate of thymus 
DNA was used as standard. 

The determination of acid-soluble products of DNA 
breakdown (Figs. 11, 14) was carried out directly on an 
acid extract. 

Nitrogen and phosphorus determinations. The methods 
described previously were used (Wade & Morgan, 1957). 

Ion-exchange fractionation. The acid-soluble products of 
RNA degradation were prepared in the following way. 
Each incubated mixture was cooled to 2°, treated with 1% 
perchloric acid and centrifuged. The supernatant was 
brought to pH 6 with 5n-KOH, saturated with chloroform 
and stored at 2°. 

A volume (1-5 ml.), with a u.v.-absorption equivalent to 
10 umoles of RNA nucleotide, was made up to 20 ml. with 
0-01 m-sodium formate, delivered on to a column (1 cm. 
diam.) of 20 ml. of Dowex-1 (X2) 200-400 formate resin 
and eluted (0-6 ml./min.) by pH-gradient elution (Wade, 
1960) with 0-04mM-ammonium formate adjusted with HCl 
to pH 4-5 and to progressively lower pH values at the rate 
of 3-5 pH units/l. of eluent. After 900 ml. had passed 
through, the eluent was changed to n-HCl. A mixture of 
ribonucleoside 5’-phosphates and ribonucleoside 2’:3’- 
cyclic phosphates was satisfactorily resolved by this 
system. The same system resolved the ribonucleoside 2’: 3’- 
cyclic phosphates of uridine, adenosine and guanosine 
from their 3’-isomers. 

Other fractionations were also used for the identification 
of the products (Wade, 1960). 

In the analyses set out in Tables 1 and 2, the molarity of 
each constituent was determined by pooling the individual 
fractions from the fraction collector and determining the 
extinction at 260 mp of a sample at pH 2. The millimolar 
extinction coefficients [10-*«(P)] of cytidine, uridine, 
adenosine and guanosine nucleotides were taken as 6-2, 9-9, 
14-6 and 11-6 respectively. Bases and nucleosides were 
eluted in the first 100 ml. of eluate ; since they were not 
identified, they are described in the text as bases. An 
approximate measure of their concentration was obtained 
assuming the value of 10-7 for the average millimolar 
extinction coefficient. 

Ionophoresis and chromatography. The neutralized acid 
extracts prepared for ion-exchange fractionation were con- 
centrated 10-20-fold for examination by paper ionophoresis 
(Wade & Morgan, 1955) and chromatography. 

Ionophoresis for part of this study was carried out with 
the wired sheets of filter paper as originally described 
(Wade & Morgan, 1954) and later with a more convenient 
apparatus which used the same principles and produced 
similar results (Lovett, 1960). The buffer (pH 3-5) con- 
sisted of 37 ml. of propionic acid and 5 ml. of 5n-NaOH 
made up to 11. with water. A voltage of 400-600V was 


applied over a length of 33 cm. for 4-7 hr. A tracing of the 
separation of mononucleotides is given in Fig. 2. The 
mobilities referred to in the text are relative to uridine 
5’-phosphate. 

Two solvents were used for ascending chromatography 
on sheets (28 cm. x 38 cm.) of Whatman filter paper no. 3 
washed with n-formic acid (Wade & Morgan, 1954). 
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Solvent 1: 70 vol. of propan-2-ol, 5 vol. of aq. NH, soln. 
(sp.gr. 0-88) and 25 vol. of water (Brown, Magrath & Todd, 
1952) ; solvent 2: 79 vol. of sat. (NH,),SO,, 2 vol. of pro- 
pan-2-ol and 19 vol. of sodium phosphate soin. [NaH,PO, 
(14 g./l.)-Na,HPO, (1-4 g./l.)] (Markham & Smith, 1951). 
Since salt in the neutralized acid extract influenced the 
results with solvent 1, it was necessary to include about 
5% of ?:aCl in the standards. 

In both ionophoresis and chromatography each mixture 
was applied as a 4 cm. band which either butted adjacent 
bands of standard nucleotides or overlapped by 0-5 cm. 
Nucleotides were located under u.v. light from an Hanovia 
Chromatolite (Hanovia Ltd., Slough, England). Periodate- 
sensitive substances were detected by the method of 
Gordon, Thornburg & Werum (1956). 

Sources of nucleotide monophosphates and ribonucleic acid. 
Ribonucleoside 5’-phosphates were purchases from Pabst 
Laboratories (Milwaukee, Wis., U.S.A.). Nucleoside 
2’:3’-cyclic phosphates (Smith, Moffatt & Khorana, 1958) 








Fig. 2. Ionophoresis of mononucleotides (0-1—0-2 umole) 
at pH 3:5 at 600v for 4hr. A, Ribonucleoside 5’-phos- 
phates ; B, ribonucleoside 2’-phosphates and 3’-phosphates ; 
C, ribonucleoside 2’:3’-cyclic phosphates. For definitions of 
abbreviations see Table 1 (p. 468). ——-—, Starting line. 
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and yeast RNA (Holden & Pirie, 1955) were kindly pre- 
pared by Mr 8S. Lovett. Ribonucleoside 3’-phosphates were 
prepared by an ion-exchange fractionation of an alkali 
hydrolysate of RNA (Wade, 1960, Fig. 6A). 

Abbreviations. Abbreviations applied to these mono- 
nucleotides are those used by Wade (1960). 


RESULTS 


Factors which influence the rate of breakdown 
of ribonucleic acid in disrupted cells 


Intact and disrupted cells. Preliminary experi- 
ments were carried out in the absence of buffer. The 
bacteria were washed and suspended in 0-145mM- 
NaCl (pH 6-0—6-5) and the breakdown was followed 
by determining the fall in acid-insoluble pentose. 
The process was more complete in dividing cells 
than in resting cells (Fig. 3). The difference could be 
attributed to the extensive lysis of the former and 
could be eliminated by disrupting the resting cells 
(Fig. 3). 

Distribution of depolymerase activity among 
sedimentation fractions. Disrupted dividing cells 
were suspended in 0-:145m-NaCl (1-85 mg. of N/ml.) 
and fractionated (Fig. 1). The concentrations of 
nitrogen in D, SI, RII and SII were 1-85, 1-57, 





“ 


RNA pentose/nitrogen (w/w) 





Time (hr.) 


Fig. 3. Breakdown of RNA in dividing cells and resting 
cells suspended in 0-145m-NaCl (2 mg. of N/ml.) and incu- 
bated at 37°. @, Dividing cells; O, disrupted dividing 
cells; A, resting cells; A, disrupted resting cells; m, dis- 
rupted dividing cells dialysed for 2 days against 0-145m- 
NaCl. 
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0-926 and 0-562 mg. of N/ml. respectively and the 
concentrations of RNA pentose were 0-80, 0-64, 
0-59 and 0-05 mg. of RNA pentose/ml. respectively. 
Equal volumes of a solution of 5% yeast RNA (in 
0-15M-sodium phosphate, pH 7-5) and each sedi- 
mentation fraction were incubated at 37° and 
changes in the concentration of acid-insoluble 
pentose were determined. 

Most of the depolymerase activity of the pre- 
paration was present with the bulk of the RNA in 
fraction RII (Fig. 4). When account was taken of 
the relative concentrations of these fractions in the 
cell, the rates of breakdown in RII and SI were 
found to be similar. Since SI is composed of RII 
and SII, this suggested that the constituents of SIT 
do not exert much influence upon the process. 
Under other circumstances, however, the rates of 
breakdown of endogenous RNA at pH 6-0—6-5 in 
RII and SI were very different, thus indicating the 
presence of some inhibitor in SII (Fig. 5). This was 
also suggested by a marked increase in the rate of 





RNA pentose/nitrogen (w/w) 





3 
2 
i 
4 
0 1 2 3 


Time (hr.) 


Fig. 4. Breakdown of yeast RNA by fractions of dividing 
cells obtained by centrifuging (see Fig. 1). Each fraction, 
at a concentration similar to that in the original suspension 
of disrupted cells (1-85 mg. of N/ml.), was incubated, with 
25 mg. of yeast RNA/ml. and 0-15 mM-sodium orthophosphate 
at pH 7-5. A, D;0, SI; @, RII; 0, SII. 
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0:5 


a Oo 
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2 
0-1 


0 1 Zz 3 


Time (hr.) 
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RNA pentose/cell nitrogen (w/w) 


Fig. 5. Inhibition of endogenous RNA breakdown in RII 
by constituents of SII (see Fig. 1). RII (@) and SI (D) 
were incubated at 37° in 0-145m-NaCl at pH 6-0-6-5 at 
concentrations similar to those in a suspension of dis- 
rupted cells containing 1-85 mg. of N/ml. 


c © 
° 
° 
1 2 3 4 5 


Time (hr.) 


RNA pentose/nitrogen (w/w) 





Fig. 6. Breakdown of endogenous RNA in disrupted 
dividing cells suspended in 0-145m-NaCl (2-5 mg. of N/ml.) 
dialysed against 0-145m-NaCl in the absence of MgCl, 
before (() or after (@) heating at 100° for 5 min. or in the 
presence of 0:02mm-MgCl, (m), 0-1 mm-MgCl, (A), 
0-5 mm-MgCl, (4) or 2 mm-MgCl, (O). 
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breakdown of endogenous RNA in an unfraction- 
ated suspension of disrupted cells brought about by 
dialysis against 0-145m-NaCl (Fig. 3) 

Inhibition of endogenous breakdown of ribonucleic 
acid by magnesium. The high concentration of 
magnesium in the ribonucleoprotein fraction of the 
cell (Wade & Morgan, 1957) and evidence that low 
concentrations cause disaggregation (Bowen, Dagley 
& Sykes, 1959; Tissiéres, Watson, Schlessinger & 
Hollingworth, 1959) suggested that magnesium 
may also contribute to the chemical stability of 
endogenous RNA. 

Dividing cells were disrupted, taken up into 
0-145m-NaCl (10% wet wt.) and dialysed against 
0-145mM-NaCl containing different concentrations 
of magnesium (0-2-2 mm). The dialysed suspension 
was then incubated (37°) at pH 6-0-6-5 in the 
absence of buffer. Determinations of acid-insoluble 
pentose showed that 2mm-MgCl, protects the 
endogenous RNA against heat-labile enzymes 
(Fig. 6). From the data of Wade & Morgan (1957) 
it would appear that in this suspension the original 
concentration of endogenous magnesium was about 
2-8 mm. The fact that this concentration is of the 
same order as the protecting concentration suggests 
that the natural inhibitor is magnesium. 

Influence of pH. Its effect upon the breakdown 
of RNA in disrupted cells suspended in 0-145m- 
NaCl can be seen in Fig. 7 (a). Removal of Mg?+ 
ions by dialysing for 2 days against 0-145m-NaCl at 
2° increased the rate of the process above pH 5 
(Fig. 75). 

After dialysis in the presence of 5 mm-MgCl, the 
RNA became generally more stable at 37° in the 
presence of mm-Mg(Cl,, particularly between pH 5-5 
and pH 6-5 (Fig. 7c). In fact, some acid-soluble 
ultraviolet-absorbing substances became acid- 
insoluble during the first 20 min. of incubation. 
Orthophosphate (0-01m) stimulated the process 
above pH 7 (Fig. 7d); arsenate (5mm), in the 
presence or absence of the latter, did not alter the 
rate or the pattern of breakdown. 

When sufficient EDTA was added to bind both 
the free Mg** ions and also magnesium contributed 
by non-diffusible constituents of the cell there was 
a prominent peak of activity at pH 7 (Fig. 7e). 

These results suggested that the endogenous 
RNA could break down by more than one process 
and was generally more susceptible to these 
processes at pH 7-5. 

Influence of some naturally occurring acids upon 
the process. Since the dialysis in the presence of 
5 mmM-MgCl, endowed the RNA with stability 
between pH 5-5 and 6.6 (Fig. 7c) which it did not 
previously possess, certain naturally occurring sub- 
stances were added for the incubation after dialysis. 
Amino acids, applied individually (0-05) or as a 
complete mixture, or fumaric acid, malic acid, 
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malonic acid, succinic acid or tartaric acid (0-01) 
did not stimulate the process in this region. 
Oxalic acid, however, increased the rate over the 
whole range examined. The pattern (Fig. 7/) 
resembled the combined patterns in Figs. 7(c) and (e) 
and may be the result of an affinity of oxalic acid 
for magnesium which is intermediate between 
those of the other dibasic acids examined, on the 
one hand, and of EDTA on the other. 

Influence of magnesium during incubation at 37°. 
In one experiment which had already demonstrated 
the influence of magnesium upon the rate of RNA 
breakdown (Fig. 6), both dialysis and incubation 
were carried out at similar concentrations of 
magnesium. Later experiments suggested, how- 
ever, that, after dialysis in the absence of mag- 
nesium, the presence of magnesium during incu- 
bation did not afford the same degree of protection 
to the RNA. The effect of different concentrations 
of magnesium (0-5-10 mm) during incubation was 
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Fig. 8. Influence of dialysis (2 days) against 0-145m-NaCl, 
(a) in the presence or (b) in the absence of 2-5 mm-MgCl,, 
upon the breakdown of endogenous RNA in disrupted 
dividing cells. The dialysed suspensions (1-5 mg. of N/ml.) 
were incubated at 37° at J 0-15 in the presence of 0:5- 


10 mm-Mg(Cl, and 0-1M-tris buffer, pH 7-5. 
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therefore examined with two dialysed preparations 
of disrupted cells: one (a) dialysed in the presence 
of magnesium and the other (6) in its absence. 
The result (Fig. 8) showed that in both (a) and 
(b) the rate of breakdown decreased as the concen- 
tration of magnesium increased; however, the 
character of the progress curves differed. In (a), 
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with 0-5 mm-Mg?+ and mm-Mg?+ ion, the rate in- 
creased with time (Fig. 8a); in (6), a much faster 
rate of breakdown occurred at these concentra- 
tions and, for a short time, at the higher concentra- 
tions also (Fig. 8b). 

These differences suggested that more than one 
process was involved and the permanent changes 
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Fig. 9. Influence of pH upon the breakdown of RNA during the incubation (37°) of disrupted dividing cells 
(i) dialysed for (a) 2 days or (f) 9 days against 0-145m-NaCl containing 5 mm-MgC\,, or (ii) dialysed for (b) 1 day, 
(c) 2 days, (d) 4 days or (e) 7 days against 0-145m-NaCl followed by 2 days’ dialysis in the presence of 5 mm-MgCl,. 
The dialysed suspensions were incubated at J 0-15 in the presence of mm-MgCl, and 10mm-sodium orthophosphate. 
Concentrations of cell nitrogen in the incubated mixtures (a)-(f) were 1-54, 1-26, 0-96, 0-85, 0-62 and 1-32 mg. of 
N/ml. respectively. Ratios of RNA pentose/cell nitrogen (w/w) were 0-46, 0-58, 0-62, 0-70, 0-60 and 0-43 respectively. 
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caused by dialysis against 0-145m-NaCl were 
therefore examined more thoroughly. 

Omission of magnesium during dialysis. Dis- 
rupted dividing cells were taken up into a solution 
containing 0-:145m-NaCl and 5mm-MgCl, (50% 
wet wt.) and dialysed against 0-145m-NaCl for 
different periods of time (1-7 days) and then for 
2 days against a solution of 0-145mM-NaCl and 
5 mm-MgCl,. Each dialysed preparation was incu- 
bated at J 0-15 with 3 vol. of buffer (pH 4-0—8-5) and 
1 vol. of 0:05m-Na,HPO, adjusted with HCl. 

Dialysis against 0-145m-NaCl for only 1 day 
resulted in a significant loss in stability which 
previously existed at pH 6 (Figs. 9a, b) and which 
was otherwise maintained for at least 9 days 
(Fig. 9f). More prolonged dialysis against 0-145m- 
NaCl (Figs. 9c—e) resulted in a progressive increase 
in acid-soluble non-diffusible products, a greater 
loss in stability and a change in pattern of break- 
down towards that produced by ETDA (Fig. 7e). 
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A similar pattern of breakdown to that in 
Fig. 9(e) was produced by dialysing for 2 days 
against 0-145m-NaCl and storing for 7 days at 2°, 
suggesting that the changes occurring after more 
than 2 days’ dialysis were independent of the 
further loss of diffusible substances. 

Ionic strength. The experiments described above 
(Figs. 6, 7b-d) suggested that, by maintaining the 
concentration of magnesium above 2mm during 
dialysis, the stability of the endogenous RNA at 
pH 6 (mm-Mg?* ion) was ensured. A concentration 
of magnesium above 2 mM also avoided an accelera- 
tion in the rate of the process at pH 7:5 (Figs. 8a 
and 12). A similar concentration was also critical 
to the end products in a way to be described later. 

All these experiments were carried out at I 0-15. 
When, after dialysis at I 0-15 in the presence of 
2-5 mm-Mg?*+ ion, the suspension of disrupted cells 
was incubated with mm-Mg?+ ion at J 0-2, the 
stability at pH 6 was decreased (Fig. 10a) and was 
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inhibition at J 0-5 (after 40 min.) by increasing concentrations of MgCl,. 
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further decreased at J 0-3 and 0-5 (Figs. 100, c). 
At I 0-5, stability could be restored by increasing 
the concentration of magnesium to 5 mm (Fig. 10d). 
The acceleration in the rate of the process, which 
was previously avoided at I 0-15 by increasing the 
concentration of magnesium from 1 to 2mm 
(Figs. 8a and 12), was also avoided by decreasing 
I to 0-1 (Fig. 13). 

The critical concentration of magnesium (2 mm) 
which governs the stability of endogenous RNA at 
pH 6 and the character of the process at pH 7:5 is 
thus dependent upon ionic strength. At a given 
ionic strength the concentration of Mg?+ ions, 
relative to others, is more important than the 
absolute concentration. 


Products of breakdown of ribonucleic acid 
in disrupted cells 


A suspension of disrupted dividing cells was 
taken up into 0-145m-NaCl (10% wet wt. sus- 
pension) and incubated at 37° with 4 vol. of 
0:02M-tris buffer, pH 7-5 (I 0-15), for 2hr. Four 
anionic substances could be detected after iono- 
phoresis, having the relative mobilities 0-17, 0-37, 
0:72 and 1. They were identified from their 
mobilities, spectra and positive periodate reactions 
as cytidine 5’-phosphate, adenosine 5’-phosphate, 
guanosine 5’-phosphate and uridine 5’-phosphate 
respectively (Fig. 2). Later, their identities were 
confirmed by ion-exchange fractionation (Wade, 
1960). 

When a similar suspension was stored for more 
than 1 day at 2° before incubation under these 
conditions, traces of four other ultraviolet-absorb- 
ing substances with mobilities 0-33, 0-47, 0-85 and 
1:15 contaminated the products. The prominence 
of the last-named two, and also the bases, increased 
as the period of storage (1-30 days) increased. This 
change in behaviour of the RNA could be avoided 
by having 5 mm-Mg?+ ion present during storage. 

The influence of magnesium upon the products 
of breakdown was even more marked after dialysis. 
After dialysis against 0-145m-NaCl for more than 
1 day, the products of incubation produced a 
streak on the ionophoresis paper; when, after 
2 days’ dialysis, mm-MgCl, and 10 mm-orthophos- 
phate were included in the incubation mixture, the 


xs 


main products were nucleoside 5’-phosphates with 


- traces of the contaminating nucleotides referred to 


above. The contamination could be decreased by 
including 5 mm-MgCl, during dialysis. 

Although extensive dialysis against 0-145m-NaCl 
removed the Mg*+ ions, it was considered probable 
that part of the magnesium originally bound to the 
ribonucleoprotein would remain undialysed and be 
liberated in the course of RNA breakdown during 
incubation. The effect of including EDTA during 
incubation was therefore studied. The amount was 
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sufficient to bind all the magnesium calculated to 
be present (Wade & Morgan, 1957). Under these 
conditions, whether an undialysed or a dialysed 
preparation of disrupted cells was used, four 
anionic ultraviolet-absorbing substances could be 
distinguished in the products, with mobilities 
similar to those of substances which had earlier 
contaminated the nucleoside 5’-phosphates. They 
had the spectra of the four nucleoside 5’-phosphates 
but a weaker periodate reaction. Their behaviour 
during ionophoresis resembled those of the nucleo- 
side 2’(3’)-phosphates (Fig. 2), but ion-exchange 
fractionation (Fig. 11b) and chromatography with 
solvent 1 showed them to be ribonucleoside 2’:3’- 
cyclic phosphates together with small quantities of 
the 3’-phosphates. 

Two routes of breakdown could now be distin- 
guished: the M route and the V route. 

M route. When a suspension of disrupted cells 
was dialysed in the presence of 2-5 mm-Mg?* ion at 
I 0-15 for less than 2 days and incubated at pH. 7-5— 
8-5 (I 0-15) in the presence of 1-2 mm-Mg?* ion the 
RNA was degraded mainly into nucleoside 5’- 
phosphates (Fig. 11a). The process was stimulated 
by orthophosphate (10mm) (Figs. 7c,d). In the 
presence of 10 mmM-orthophosphate at 37°, 50% 
became acid-soluble in 120 min. (mm-Mg?* ion) 
or 200 min. (2 mm-Mg?* ion). The process was 
retarded by higher concentrations of magnesium 
(Fig. 8a). 

V route. When an undialysed or dialysed sus- 
pension of disrupted cells was incubated at pH 6-5— 
7-5 in the presence of sufficient EDTA to bind the 
magnesium present, the RNA was broken down 
rapidly into nucleoside 2’:3’-cyclic phosphates 
(Fig. lld). Fifty per cent was degraded in about 
20 min. As the period of incubation increased, the 
prominence of ribonucleoside 3’-phosphates in- 
creased, suggesting that the cyclic phosphates are 
subsequently hydrolysed at the 2-carbon ester link. 

The nucleoside 3’-phosphates were distinguished 
from their respective 2’:3’-cyclic phosphates by the 
fractionation system in Fig. 11 and a system de- 
scribed earlier (Wade, 1960; Fig. 9). 

Nucleoside cyclic phosphates also appeared in 
the products of the M route under certain circum- 
stances. At concentrations of magnesium inter- 
mediate between those required for the two routes, 
either during dialysis or during incubation, guan- 
osine 2’:3’-cyclic phosphate and uridine 2’:3’-cyclic 
phosphate appeared in the products; after pro- 
longed dialysis (9 days) in the presence of mag- 
nesium all four cyclic phosphates appeared in the 
products. 

Dialysis in the absence of magnesium. The 
dialysed suspensions of disrupted cells, upon which 
the pattern of breakdown between pH 4-0 and 8-5 
was examined (Fig. 9), were also incubated under 
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conditions of the M route at pH 7:5 with 10 mm- 
orthophosphate and 5mm-arsenate included to 
reduce dephosphorylation (Fig. 12). The products 
after 4hr. were examined by an ion-exchange 
system which distinguished the two series of 
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nucleotides (Fig. 11). As the period of dialysis 
without magnesium increased, the rate of the 
process increased (Fig. 12), and the concentra- 
tions of guanosine 2’:3’-cyclic phosphate, uridine | 
2’:3’-cyclic phosphate and bases increased rela- 
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Fig. 11. Ion-exchange fractionation of products from the breakdown of endogenous RNA in disrupted dividing 
cells by (a) the M route and (b) the V route. (a) The preparation (50% wet wt.) was dialysed for 2 days against 
0-:145M-NaCl with 5 mm-MgCl, and incubated at 37° at J 0-15 (1-54 mg. of N/ml.) with mm-MgCl,, 10 mm-sodium 
orthophosphate, 5 mm-sodium arsenate and 0-075M-tris buffer, pH 7-5, for 4 hr. ; 83% of the RNA was degraded | 
(96% maximum at 5hr.). Contamination with deoxyribonucleotides (calculated from the diphenylamine re- 
action) was < 13%. (b) A similar preparation was incubated with 40 mm-EDTA and 0-075m-tris buffer, pH 7, | 
for 1 hr. ; 82% of the RNA was degraded (90% maximum at 2hr.). The numbers associated with the peaks 
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Fig. 12. Influence of dialysis in the absence or presence of 
Mg*+ ion upon the M route. A suspension of disrupted 
dividing cells (50% wet wt.) was dialysed under the condi- 
tions indicated in Table 1 (in which the symbols are 
identified). 
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Fig. 13. Influence of ionic strength upon the M route. 
A suspension of disrupted dividing cells (50% wet wt.) was 
dialysed for 2 days against 0-145m-NaCl with 5mm-MgCl, 
and incubated (2 mg. of N/ml.) at 37° with mm-MgCl,, 
10 mm-sodium orthophosphate, 5 mm-sodium arsenate, 
0-03-tris buffer, pH 7-5, and sufficient NaCl to bring the 
ionic strength to 0-1 (O), 0:15 (@), 0:2 (A), 0:3 (A), 0-5 
(C) or 0-7 (m). 
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tive to the nucleoside 5’-phosphates (Table 1, 
lines 1-7). 

Influence of ionic strength upon the products of the 
M route. A similar progressive change was ob- 
served when the ionic strength was increased 
during incubation by additions of NaCl, thereby 
reducing the concentration of magnesium below 
the critical level referred to earlier (Fig. 13). As I 
was increased from 0-1 to 0-5, guanosine 2’:3’-cyclic 
phosphate, uridine 2’:3’-cyclic phosphate and 
bases became more prominent (Table 2). 

Dialysis in the presence of magnesium. Up to this 
point the appearance of cyclic nucleotides in the 
end products of the M route (Table 1, lines 1-7; 
Table 2) had been associated with the loss in 
stability of the endogenous RNA at pH 6 (Figs. 9, 
10). Prolonged dialysis (3-9 days) in the presence 
of 5 mm-MgCl,, however, resulted in an increasing 
prominence of all four nucleoside cyclic phosphates 
(Table 1) unaccompanied by a decrease in stability 
(Fig. 9f). When the concentration of magnesium 
used for the incubation was increased from 1 to 
2 mm the rate of breakdown was slower (Figs. 12, 
8a) and, in addition, less of the uridine and guan- 
osine cyclic phosphates were formed (Table 1), 
suggesting that the loss in stability is specifically 
associated with the production of these nucleotides. 

Resting cells. The RNA in disrupted resting cells 
also breaks down by the two routes referred to 
above. 


Breakdown of ribonucleic acid in a 
ribonucleoprotein fraction RIT 


In an earlier experiment most of the depoly- 
merase activity in the cell had been found in the 
ribonucleoprotein fraction RII (Fig. 4). It was 
impossible to deduce from the results, however, that 
all the enzymes responsible for the M route and the 
V route were present in this fraction. The behaviour 
of RNA in RII was therefore re-examined. 

Disrupted dividing cells were suspended in a 
solution of 0:145m-NaCl with 2mm-MgCl, and 
fractionated according to the scheme in Fig. 1. The 
deposit RII was resuspended in the same salt 
solution (20 vol.) and centrifuged at 78 000g for 
7-5 hr. The deposit was finally resuspended in a 
solution containing 0-145m-NaCl and 5 mm-MgCl, 
to a concentration ten times that in the unfraction- 
ated suspension. The additional washing of RII 
removed about 4% of the nitrogen. 

Effect of pH. The pattern of depolymerase activity 
between pH 4-0 and 8-5 in the presence of mm-MgCl,, 
after dialysing for 2 days against 0-145m-NaCl with 
5 mm-MgCl,, was similar to that in Fig. 7(c). In the 
presence of EDTA it was similar to that in Fig. 7 (e). 

M route. When conditions for the M route were 
applied at 37° (1-5 mm-Mg?*+ ion, 10 mm-orthophos- 
phate, 0-075M-tris buffer, pH 7-5, I 0-15) the rate 
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of breakdown was uniform and complete when 
about 80% of the RNA had become acid-soluble. 
The products were mainly nucleoside 5’-phos- 
phates (Fig. 14a). Bases were less prominent than 
in a similar digest of an unfractionated suspension 
of disrupted cells. 
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Traces of other nucleotides were also present. 
Four of them corresponded in the ratio Ego .,,,/ 
E469 my,» and position, to the nucleoside 2’:3’-cyclic 
phosphates (Fig. 14a). 

V route. When the preparation of RII was incu- 
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Fig. 14. Ion-exchange fractionation of products from the breakdown of endogenous RNA in RII (see Fig. 1) 
by (a) the M route and (b) the V route. (a) A suspension of RII (1:4 mg. of N/ml.) was incubated (37°) at J 0-15 


77% (maximum) 


with 1-5 mm-MgCl,, 10 mm-sodium orthophosphate and 0-075mM-tris buffer, pH 7-5, for 6 hr.; 77% 
of the RNA was degraded. Contamination with deoxyribonucleotides (calculated from the diphenylamine 


reaction) was < 6%. 


(b) A similar suspension was incubated with 10 mM-EDTA and 0-038m-tris buffer, 


pH 7-5, for 2hr.; 94% (maximum) of the RNA was degraded. The numbers associated with the peaks (in 
parentheses) are concentrations in pmoles/100 pmoles fractionated. 
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pH 7-5, about 90% of the RNA became acid- 
soluble (Fig. 14b) and the products after 2 hr. 
were mainly ribonucleoside 2’:3’-cyclic phosphates 
with smaller quantities of nucleoside 3’-phosphates. 
The latter were identified by their spectra, their 
behaviour during ion-exchange fractionation (Wade 
1960, Fig. 9) and chromatography in solvent 2. 
Their greater prominence compared with that in 
Fig. 116 can be attributed to the longer period of 
incubation. The V route, unlike the M route, 
resulted in a marked increase in turbidity. 

The RNA in the ribonucleoprotein fraction RII 
is thus independent of other sedimentation frac- 
tions both with regard to its optimum stability at 
pH 6 and to its ability to breakdown by two 
distinct routes. 





DISCUSSION 


The two routes of depolymerization resemble 
those catalysed by enzymes which have already 
been purified. 

M route. Certain phosphodiesterases hydrolyse 
RNA into nucleoside 5’-phosphates (Cohn & 
Volkin, 1953) but the stimulation of the process by 
orthophosphate, particularly striking in RII, 
strongly suggests that a polynucleotide phos- 
phorylase (Grunberg-Manago, Ortiz & Ochoa, 
1956) or pyrophosphorylase (Speigelman, 1958) is 
responsible. 

The association of a polynucleotide phosphoryl- 
ase with this fraction of the cell presents an inter- 
esting anomaly. Polynucleotide phosphorylase 
and pyrophosphorylase synthesize RNA from 
nucleoside polyphosphates; the presence of either 
enzyme in the ribonucleoprotein fraction of the cell 
(Fig. 1, RIL) would suggest that this is the primary 
site of RNA synthesis. Tracer experiments, how- 
ever, suggest the contrary. When orthophosphate 
(®?P) is added to an unlabelled culture of Escherichia 
coli the RNA in fraction RII develops the lowest 
specific activity (Wade & Lovett, 1958). Similar 
conclusions are reached from pulse experiments 
(Countryman & Volkin, 1958). 

The progressive inhibition of the M route as the 
concentration of magnesium is increased (Fig. 9a) 
can be attributed to the multi-stranded configura- 
tion magnesium imposes upon RNA (Felsenfeld & 
Rich, 1957), which inhibits phosphorylase (Grun- 
berg-Manago, 1959). 

V route. Some of the known ribonucleases re- 
semble the one or more enzymes responsible for 
the V route in that they produce nucleoside 
2’:3’-cyclic phosphates. Pancreatic ribonuclease 
breaks RNA at the pyrimidine residues (Markham 
& Smith, 1952) and leaf ribonuclease at every 
residue (Markham & Strominger, 1956; Reddi, 
1958). 

In this respect, the V-route ribonuclease re- 
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sembles more closely the leaf ribonuclease. But 
whereas the latter hydrolyses the purine 2’:3’. 
cyclic phosphates to the 3’-phosphates, the V-route 
ribonuclease appears to hydrolyse all the cyclic 
phosphates in this way. It also differs in having 
optimum activity at pH 7 instead of pH 5 (Holden 
& Pirie, 1955; Frisch-Niggemeyer & Reddi, 1957), 
resembling more closely pancreatic ribonuclease in 
this respect (Kunitz, 1940; Holden & Pirie, 1955). 

The influence of magnesium upon ribonuclease is 
difficult to assess. It has been shown to activate 
pancreatic ribonuclease (Ceriotti, 1949) and leaf 
ribonuclease (Holden & Pirie, 1955) and also 
partially to inhibit these enzymes under other 
circumstances (Mallette & Lamanna, 1954; Holden 
& Pirie, 1955; Frisch-Niggemeyer & Reddi, 1957). 
Although the inclusion of a chelating agent is 
necessary for the exclusive formation of cyclic 
nucleotides by the V route it does not necessarily 
follow that the V-route ribonuclease is inhibited by 
magnesium. Indeed there is evidence to the 
contrary. After prolonged dialysis in the presence 
of 5 mm-Mg?* ion, there is an increase in the con- 
centrations of all four nucleotide cyclic phosphates 
in the products of incubation with 2 mm-Mg?+ ion 
(Table 1). Since these do not appear after a similar 
period of storage the result suggests that a slowly 
diffusing substance, in addition to Mg?* ion, 
inhibits V-route ribonuclease. The results of 
Wagman & Trawick (1958) suggest that this sub- 
stance may be a peptide. A protein inhibitor of 
pancreatic ribonuclease is also known (Roth, 1956, 
1958a), and Pirie (1957) has suggested that the 
inhibition of ribonuclease by magnesium may 
depend upon the presence of protein. The RNA- 
depolymerase activity found associated with ribo- 
nucleoprotein particles isolated chemically from 
E. coli by Elson (1959) is probably more closely 
associated with the V route than with the M route 
since it resembles ribonuclease and, in common 
with the V-route enzymes, results in an increase in 
the turbidity of the preparation. 

Ribonucleoprotein stability. The association of 
decreasing stability at pH 6 (Figs. 9, 10) with an 
increasing prominence of guanosine and uridine 
cyclic phosphates (but not of cytidine or adenosine 
cyclic phosphates) in the products of incubation at 
pH 7-5 (Tables 1 and 2) might be accounted for in 
the following way. 

Under conditions of magnesium deficiency, even 
during dialysis at 2°, initial stages of the V route 
occur with RNA breaking at the uridine and 
guanosine residues to form oligonucleotides each 
with terminal uridine 2’:3’-cyclic phosphate or 
guanosine 2’:3’-cyclic phosphate. Subsequent incu- 
bation under conditions of the M route breaks each 
oligonucleotide into one equivalent of nucleoside 
cyclic phosphate, orthophosphate and nucleoside, 
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and one or more equivalents of nucleoside 5’- 
phosphate. The activity of a nucleosidase in the 
unfractionated disintegrate prevents quantitative 
proof of these changes being obtained from Tables 1 
and 2. There is no doubt, however, that oligo- 
nucleotides are produced during dialysis against 
0:145M-sodium chloride since there is a progressive 
increase in non-diffusible, acid-soluble nucleotide 
as the period of dialysis or storage increases (Fig. 9). 
The acid-soluble polynucleotides which have been 
reported in preparations of microsomal ribo- 
nucleoprotein by Roth (1958b) may have origi- 
nated in a similar way. 

The cytidine moiety in RNA is relatively in- 
sensitive to the consequences of magnesium 
deficiency; it does not undergo a marked drop in 
concentration as the period or extent of magnesium 
deficiency increases (Tables 1 and 2). If the 
mechanism for the origin of guanosine 2’:3’- 
cyclic phosphate and uridine 2’:3’-cyclic phosphate 
is correct, it suggests that the other end of the 
oligonucleotide is predominantly an adenine 
residue. 

The maintenance of stability after prolonged 
dialysis in the presence of magnesium (Fig. 10/), in 
spite of the appearance of all four nucleoside cyclic 
phosphates after incubation at pH 7-5, may be 
attributed to the loss of the slowly diffusing in- 
hibitor referred to above, leaving a proportion of 
the RNA molecules susceptible to the V-route 
ribonuclease. Since the rate of breakdown under 
these circumstances is not increased, as might be 
expected from the fast rate of the V route in the 
presence of EDTA (Fig. 8¢), the presence of 
magnesium may be influencing the process by 
maintaining the RNA in a multi-stranded condition 
(Felsenfeld & Rich, 1957) and allowing the enzymes 
to act only upon the terminal residues. The higher 
incidence of end groups resulting from the breaking 
of the RNA at the guanosine and uridine residues is 
probably the primary factor responsible for the loss 
of stability at pH 6 (Fig. 10). 


SUMMARY 


1. Most of the ribonucleic acid-depolymerase 
activity of Escherichia coli is present in a fraction 
(RII) which sediments between 25000 and 
‘78 000g and contains the bulk of the ribonucleic 
acid. 

2. In an undialysed suspension of disrupted 
dividing cells or a suspension that has been 
dialysed in the presence of more than 2 mm- 
magnesium chloride, the breakdown of ribonucleic 
acid is inhibited by mm-Mg**+ ion at pH 5-5-6-5 and 
I 0-15. At I0-5, 5mm-Mg?+ ion is required for 
stability. 

3. Two routes of breakdown at pH 7-5 and 37° 
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can be distinguished: the M route in the presence 
of magnesium and the V route in its absence. 

4. The M route occurs at pH 7-5-8-5 in the 
presence of 1-2 mm-Mg?*t ion at J 0-15 and is 
stimulated by orthophosphate. The nucleotide end 
products are mainly nucleoside 5’-phosphates. 

5. The V route occurs at pH 6-5-7-5 when 
ethylenediaminetetra-acetic acid is present. Nucleo- 
side 2’:3’-cyclic phosphates are produced and these 
are further hydrolysed to nucleoside 3’-phosphates. 

6. The ribonucleic acid becomes unstable when 
the concentration of magnesium is allowed to fall 
below 2mm at JI 0-15. The evidence presented 
suggests that the instability might be the result of 
the ribonucleic acid breaking at the uridine and 
guanine residues to form 2’:3’-cyclic phosphate end 
groups. 

7. The ribonucleic acid in the ribonucleoprotein 
fraction (RII) behaves in a similar way to ribo- 
nucleic acid in an unfractionated preparation of 
disrupted cells both with respect to conditions for 
optimum stability at pH 6 and in its ability to 
break down by more than one route at pH 7:5. 


I am happy to acknowledge the personal assistance of 
Mr C. D. Kimber and to record my gratitude to Dr D. 
Herbert, Major L. H. Kent and Dr D. W. Henderson, F.R.S., 


for their interest and advice. 
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The Metabolism of Plasmodium berghei, the Malaria Parasite of Rodents 


2. AN EFFECT OF MEPACRINE ON THE METABOLISM OF GLUCOSE 
BY THE PARASITE SEPARATED FROM ITS HOST CELL* 


By I. B. R. BOWMAN,} P. T. GRANT, W. O. KERMACK anp D. OGSTON 
Department of Biological Chemistry, University of Aberdeen 


(Received 25 August 1960) 


Glucose is essential for the growth of the 
erythrocytic forms of several malaria parasites in 
vitro, and certain antimalarial drugs such as 
mepacrine inhibit development and multiplication 
and cause a rapid decrease in the utilization of 
added glucose and lactate (McKee, 1951). Although 
the relation of these latter effects to the primary 
action of the drug is obscure, mepacrine is known 
to have an inhibitory effect on several enzymes of 
the Embden—Meyerhof glycolytic pathway present 
in the parasites of avian malaria (Speck & Evans, 
1945a; Marshall, 1948) and on the oxidation by the 
same parasite of intermediates of the tricarboxylic 


acid cycle (Speck, Moulder & Evans, 1946; 
Moulder, 1948, 1949; Bovarnick, Lindsay & 
Hellerman, 1946; Marshall, 1948). It is not, 


however, known whether glucose is metabolized 
exclusively by these pathways in the intact 
parasite. 

In the present work, Plasmodium berghei has been 
used as a readily available mammalian parasite. 
The metabolism of specifically and uniformly 
labelled [1*C]glucose by the parasite separated from 
its host cell, the reticulocyte, has been studied and 
it has been concluded that an enzyme concerned 
with the further catabolism of hexose 6-phosphate 
is the most sensitive to approximately therapeutic 
concentrations of mepacrine. This appears to be 
a selective inhibitory effect since an appreciable 
increase in drug concentration was without effect 
on the uptake of glucose by the reticulocyte. 


* Part 1: Bowman, Grant & Kermack (1960). 

+ Present address: National Institutes of Health, 
National Institute of Allergy and Infectious Diseases, 
Laboratory of Parasitic Diseases, Bethesda 14, Md., U.S.A. 


Part of this work has already been briefly 
reported (Bowman, Grant, Kermack & Ogston, 
1959). 


EXPERIMENTAL 


Suspension of infected cells. The strain of P. berghei used 
was obtained from Dr J. D. Fulton (see Fulton & Spooner, 
1956). Infected blood was obtained by cardiac puncture 
from white mice (about 20-25 g.) which had been inocu- 
lated intraperitoneally 5-7 days previously with 0-2 ml. 
of blood containing about 10’ infected cells. 

White cells were removed by percolation of freshly shed 
blood through small columns of filter-paper powder (1 g./ 
10 ml. of blood ; Fulton & Grant, 1956). The blood was then 
centrifuged at 1000g for 10 min., the supernatant was 
discarded and the cells were resuspended in an equal volume 
of a phosphate-buffered iso-osmotic salt solution, pH 7:2 
(Krebs & Eggleston, 1940). This washing procedure was 
repeated twice. The suspension was then centrifuged at 
1000g for exactly 10min. in 10cm.xl1lcm. graduated 
centrifuge tubes and the sedimented cells were resuspended 
in 19 times their volume of phosphate-buffered salt solution 
which contained 2u4moles of NaHCO,/ml. Suspensions 
prepared in this way contained about 10 cells/ml., of 
which not less than 70% were infected. 

Suspensions of free parasites. Free parasites were ob- 
tained by haemolysis of infected red cells with the serum of 
rabbits which had been immunized against mouse red cells. 
Fresh guinea-pig serum was used as a source of comple- 
ment. The washed parasites were centrifuged at 1000 g for 
exactly 10 min. and resuspended in 19 times their volume of 
a buffered iso-osmotic salt solution, pH 7-2, which con- 
tained K* and Na* ions in the ratio 7:1. Details of these 


procedures have been given previously (Bowman, Grant & 
Kermack, 1960). The final suspension contained in 1 ml. 
the free parasites originally present in about 10° infected 
red cells, and such preparations will subsequently be 
referred to as ‘standard suspensions’ of free parasites. 
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Suspensions of reticulocytes. Mice were treated with 
acetylphenylhydrazine as described by Jones, Maegraith & 
Gibson (1953). When 80-90 % of the red cells in the blood 
were reticulocytes, the animal was killed by cardiac 
puncture and suspensions of reticulocytes were obtained as 
described for infected red cells. 

Cell-counting methods. Total red-cell counts were made in 
an ‘improved’ Neubauer haemocytometer chamber. The 
percentage of infected cells was determined by counting 
500 red cells in blood films treated with Giemsa stain. The 
number of reticulocytes was determined by supra-vital 
staining with brilliant cresyl blue followed by counter- 
staining the blood film with Giemsa stain for 2 min. 

Labelled compounds. Uniformly labelled glucose ([U-1*C}]- 
glucose) and [1-C]- and [6-!*C]-glucose were obtained 
from The Radiochemical Centre, Amersham, Bucks. 


Incubation procedures and isolation of the 
products of metabolism of [#*C]glucose 


Carbon dioxide. Suspensions of cells (3 ml.) containing 
6 mg. of [4C]glucose were incubated with gentle shaking 
for 1 hr. at 37° in stoppered Warburg flasks (volume 15 ml.), 
fitted with a centre well containing 0-3 ml. of 20% (w/v) 
KOH and a side arm containing 0-5 ml. of 40% (w/v) 
trichloroacetic acid. At the end of the incubation period, 
the side-arm contents were added to the suspension and, 
after 30 min., the alkali in the centre well was quanti- 
tatively transferred to a centrifuge tube, 0-1 m-mole of 
NaHCO, was added and the carbonate was precipitated as 
barium carbonate. This precipitate was washed three times 
with carbonate-free distilled water, twice with ethanol and 
twice with diethyl ether. 

Other compounds. Suspensions of free parasites (10 ml.) 
containing 20mg. of [*C]glucose were incubated with 
gentle shaking for 1 hr. at 37° in stoppered conical flasks 
(volume 50 ml.). When organic acids were to be isolated the 
reaction was stopped by the addition of 2 ml. of 10% 
(w/v) metaphosphoric acid, otherwise 5 ml. of 10% (w/v) 
trichloroacetic acid was used. To facilitate identification 
and estimation of any product of catabolism of [U-"C]- 
glucose a known amount of the non-radioactive compound 
was added, dissolved in the acid used to stop the reaction. 

(a) Organic acids. The protein-free medium was con- 
tinuously extracted with diethyl ether for 36 hr. and, after 
removal of the solvent, the acids in the extract were 
separated by partition chromatography on columns 
(20 em. x2.cm.) of Hyflo Supercel (Johns—Manville and 
Co. Ltd., London) with 0-5n-H,SO, as the stationary phase. 
A preliminary separation was obtained by using mixtures 
of butan-l-ol in chloroform as the mobile phase (Phares, 
Mosbach, Denison & Carson, 1952) and each acid fraction 
was then further chromatographed on a similar column 


_ with diethyl ether as the mobile phase. Acid in the eluate 


was detected by titration of each fraction (5 ml.) with 
0-01N-NaOH and phenol red as an internal indicator. The 
appropriate fractions were combined and the separated 
aqueous phase was treated with charcoal (Norit Ultra, 
United Norit Sales Corp. Ltd., Amsterdam) to remove the 
indicator. After acidification the organic acid was isolated 
by continuous extraction with diethyl ether and its 
identity was confirmed by paper chromatography (Jones, 
Dowling & Skraba, 1953) with the spray reagent containing 
glucose and aniline that was described by Carles, Schneider 
& Lacoste (1958). 
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(b) Phosphate esters. The protein-free medium was 
diluted with a solution of sodium borate so that the final 
concentrations of chloride and borate were 0-025m and 
0-0lm respectively. This solution was then allowed to 
percolate slowly (0-5 ml./min.) through a 12 cm. x1 em. 
column of Dowex-1 (200-400 mesh, X 8) in the chloride 
form. The column was then washed with 10 ml. of aq. 
1 mm-NH, soln. containing 20 mg. of unlabelled glucose, 
then with 50 ml. of aq. 1 mm-NH, soln. and subsequently 
the hexose phosphates were eluted with the solvent systems 
described by Khym & Cohn (1953). The identity of these 
esters in bulked fractions was confirmed by paper chro- 
matography (Bandurski & Axelrod, 1951). 


Preparation of compounds for radioassay 


Lactic acid and other organic acids. These compounds 
were oxidized in the combustion apparatus described by 
Claycomb, Hutchens & van Bruggen (1950) with the 
combustion fluid of van Slyke & Folch (1940). The evolved 
CO, was absorbed in 2n-NaOH, which was subsequently 
quantitatively transferred to a small centrifuge tube, and 
the carbonate was precipitated as BaCO,. The latter was 
successively washed with carbonate-free water, ethanol and 
diethyl ether. 

The distribution of “C in lactic acid samples formed 
from [1-14C]- or [6-!4C]-glucose was determined by the 
procedures detailed by Sakami (1955). This involved the 
oxidation of lactic acid to acetaldehyde and CO, (contain- 
ing C-1 of lactate). A portion of the acetaldehyde was 
counted directly as the 2:4-dinitrophenylhydrazone 
derivative and the remainder was oxidized to iodoform 
(C-3), and formic acid (C-2). The iodoform was oxidized to 
CO, by the procedure given by Shreeve, Leaver & Siegel 
(1952), and the formic acid was oxidized with Hg** ions to 
CO, (Pirie, 1946). 

Hexose 6-phosphates. Bulked fractions of these phos- 
phate esters from Dowex-1 columns contained appreciable 
amounts of Cl” and borate ions and were oxidized with the 
van Slyke—Folch reagent, the evolved gases being first 
passed through a condenser, an ice-cold trap and a bead 
tower containing 25 ml. of 0-1m-AgNO, to remove chromy] 
chloride and boric acid. ; 

The CO, was then trapped in saturated Ba(OH), and the 
precipitate of BaCO, was washed and dried as previously 
described. These BaCO, samples were treated with cold 
perchloric acid and the CO, evolved was reprecipitated as 
BaCO,. The specific radioactivity was unchanged by this 
last-named treatment, showing that these samples were 
free of barium chromate or borate. 


Measurement of radioactivity 


All samples were plated at infinite thickness on 1 cm*. 
polythene disks (Popjaék, 1950) and counted with a halogen- 
filled end-window Geiger—Miiller counter with a type 
N530D Autoscaler (Ekco Electronics Ltd., Essex). At 
least 1000 counts were recorded in each assay and the 
combined standard error of sample preparation and 
statistical variation of radioassay was not greater than 6%. 


Glucose utilization by cell suspensions 


At the beginning and end of the experimental period 
portions (0-4 ml.) of the cell suspensions were removed and 
mixed with 0-4 ml. of 0-3N-Ba(OH),. Water (4:8 ml.) was 
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then added, followed by 0-4 ml. of 0-32N-ZnSO,. The sus- 
pension was centrifuged and 3 ml. of the supernatant was 
percolated through columns (3 cm. x1 cm.) of Zeo-Karb 
215 (The Permutit Co. Ltd., London) in the H* form. The 
column was washed with 3 ml., then with 2 ml., of water 
and the combined eluate was made up to 10 ml. Glucose 
was determined in samples (1 ml.) by the method of 
Nelson (1944), with the modified colorimetric reagents of 
Somogyi (1952). Mepacrine, which interferes with the 
development of colour in the glucose estimation, is com- 
pletely retained by the ion-exchanger. 


RESULTS 


Pathways of glucose catabolism by Plasmodium 
berghei separated from the host cell. Lactate is the 
major product of glucose catabolism by the free 
parasite (Bowman et al. 1960), and the distribution 


Table 1. Distribution of radioactivity im lactate 
formed during the incubation of free parasites with 
[1-¥4C]- or [6-14C]-glucose 


‘Standard suspensions’ of free parasite (10 ml.) were 
incubated with either (Expt. 1) [1l-™“C]glucose (20 mg., 
47-55 wc/g.) or (Expt. 2) [6-™*C]glucose (20 mg., 31-02 uc/g.) 
for 1 hr. at 37°. Metaphosphoric acid containing unlabelled 
lactic acid (91 and 123 mg. respectively) was added and the 
lactate was isolated and degraded as described in the 


Experimental section. F ae 
Radioactivity 


Carbon (uC/mole) 
atom of) =———*———_, 
Compound lactate Expt.1 Expt. 2 
BaCO, 1+2+3 93-00 27-20 
Acetaldehyde 2:4-dini- 2+3 — 27-02 
trophenylhydrazone 
BaCO, 1 0-05 0-00 
BaCO, 2 0-09 0-21 
BaCO, 3 94-00 28-10 


Effect of mepacrine on the utilization 
of glucose by cell suspensions 


Table 2. 


Suspensions of cells (3 ml.) containing glucose (6 mg.) 
were incubated at 37° for 1 hr. At the beginning and end of 
the experimental period, samples (0-4 ml.) were removed 
for the determination of glucose. Suspensions of normal 
and parasitized reticulocytes contained respectively 10° 
cells, of which 87% were reticulocytes, and 1-6 x 10° cells, 
of which 72% were infected. The free parasite suspension 
contained the parasites originally present in 2 x 10° in- 
fected reticulocytes. —, Value not determined. 


Glucose utilized (ug./ml. of suspension) 


SS 


\ 





Parasitized 
Conen. of Free reticulo- Reticulo- 
mepacrine parasites cytes cytes 
0 711 630 156 
2-5 uM 696 640 150 
12-5 uM 466 606 = 
35-0 uM 44 340 = 
0-2 mm 6 146 152 
0-5 mM 0 90 — 
1-0 mm —— 38 157 
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of 4C in lactate formed during incubation with 
[1-#4C]- or [6-4C]-glucose is consistent with that 
predicted by the Embden-—Meyerhof glycolytic 
scheme (Table 1). By this pathway, one molecule 
of glucose is cleaved into two molecules of triose 
phosphate, which are equivalent to one another as 
far as lactate formation is concerned. In this way, 
both C-1 and C-6 of glucose become the methyl 
carbon atom C-3 of lactate. The traces of 14C in the 
other carbon atoms of lactate (Table 1) suggest 
either contamination during the chemical-degrada- 
tion procedure or the existence of alternative 
pathways of glucose catabolism in the parasite. 
The latter explanation is supported by the fact 
that significantly more CO, was evolved from 
[1-4C]- than from [6-14C]-glucose (Table 4), which 
would indicate the oxidative pathway. In this 
pathway one of the first reactions is the oxidative 
decarboxylation of 6-phosphogluconic. acid to 
yield CO, from C-1 of glucose and a pentose 
phosphate, so that C-1 and C-6 of glucose are not 
metabolized in an identical manner. The yield of 
4CO,, however, only accounted for 2% of the 
[#4C glucose utilized (Table 4) so that the contribu- 
tion of the oxidative pathway was not appreciable 
under the experimental conditions. 

Effect of mepacrine on the utilization of glucose and 
the conversion of [*4C]glucose into “CO, by cell sus- 
pensions. The rate of utilization of glucose by all cell 
suspensions was reasonably constant for 60 min., 
and this incubation time was accordingly used in 
all subsequent experiments. Mepacrine (2-chloro-5- 
[1-methyl-4-diethylaminobuty1]-7- methoxyamino- 
acridine dihydrochloride), even at low concentra- 
tions, had a marked effect on the utilization of 
glucose by free parasites (Table 2). It may be 
noted that 14 times the concentration which just 
failed to produce a significant effect resulted in 
almost complete inhibition, and the drug at a 
concentration of 12-5yum in this and subsequent 
experiments (Tables 4-6) consistently decreased 
glucose utilization by 30-40%. This inhibitory 
effect would appear to be selective for the parasite 
since an equivalent number of reticulocytes was 
unaffected by the drug even at a concentration of 
1 mM. 

The ratio of “CO, obtained from [1-!4C]- or 
[6-4C]-glucose was not significantly altered by the 
presence of mepacrine (Tables 3 and 4), and this 
showed that the contribution of the alternative 
pathway involving pentose phosphate to the 
amount of glucose metabolized was unaffected by 
the drug. At the same time, mepacrine did not 
significantly alter the percentage of [U-!4C]glucose 
which was converted into “CO,, and it was con- 
cluded from these results that the inhibitory effect 
of the drug must be located at some step in the 
conversion of glucose into lactate. 
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1 with Effect of mepacrine on the metabolism of glucose by may vary from preparation to preparation. Never- 
a that suspensions of free parasites. Suspensions of free theless, the percentage of radioactivity in [U-!C}]- 








oly tic parasites were incubated in the presence of glucose utilized which was converted into ether- 
rlecule [U-4C]glucose and the individual products of soluble products (Table 5) was reasonably con- 
triose metabolism were determined by the technique of stant. Lactate was the major product identified and 
her as isotope-dilution. The parasite does not contain . together with minor amounts of other organic 
3 way, endogenous carbohydrate and lactate is not pro- acids (Table 6) can account for the radioactivity 
nethyl duced in the absence of glucose (Bowman ef al. observed in the ether extract. Only small amounts 
in the 1960), so that it can be assumed that the radio- of C were detected in citrate, fumarate, malate, 
iggest activity (uc/mg. of carbon) of the product will be oxaloacetate and «-oxoglutarate. Other products 
srada- the same as that of the [U-14C]glucose added. of catabolism were glucose 6-phosphate and fruc- 
lative It has been found that preparations of parasites tose 6-phosphate (Table 6), and these together 
rasite. differed in their ability to utilize added glucose, with the organic acids and respiratory carbon 
> fact although samples of the same suspension were dioxide accounted for more than 90% of the 
from relatively constant in this respect. This lack of [U-'4C]glucose utilized. 
which constancy in different preparations was probably Mepacrine caused a marked redistribution of C 
. this due to the difficulty of ensuring that the same from that normally found in the products of 
lative | number of parasites was present in each prepara- [U-'C]glucose catabolism. In relation to un- 
d to tion. In addition, this is an asynchronous infection treated suspensions, there was a marked decrease 
ntose and the proportions of the various growth stages in the amount of glucose catabolized which can be 
‘e not oe 7 _ i = 
ld of : , : 
P Ale Table 3. Production of 4*CO, by normal and infected reticulocytes from [#4C]glucose 
ribu- Suspensions of cells (3 ml.) containing 6 mg. of [1-'C]glucose (0-083 nc/mg.), [6-4C]glucose (0-162 uc/mg.) or 
lable [U-C]glucose (0-175 wc/mg.) were incubated at 37° for 1 hr. Glucose utilization was measured concurrently in 
separate but otherwise identical suspensions. Neither type of cell contained significant amounts of endogenous 
e and reducing sugar and it was assumed that the specific radioactivity of the glucose utilized was the same as that of 
| sus- the glucose added. Reticulocyte suspensions contained 1-3 x 10° cells, of which 75% were reticulocytes. In- 
ll cell fected reticulocyte suspensions contained 1-5 x 10° cells, except in the experiment with [U-“C]glucose, in which 
min., 1-0 x 108 cells were present; in both cases the suspension contained 72% of infected cells. 
ed in Radioactivity (mc) 
ro-5- a nn 
: Glucose In glucose 
ae Glucose Conen. of utilized utilized In BaCO, 100B 
ntra- Cell suspension added mepacrine (mg.) (A) (B) A 
m. of | Parasitized [1-40] - 1-84 152-7 2-9 19 
y be reticulocytes 35 uM 0-83 70-9 1:7 2-4 
just [6-4C] — 1-92 311-0 0-9 0:3 
d ia 35 pm 0-82 132-8 0-7 0-5 
at a | fU-MC] es 1-31 229-2 55 2-4 
eal 35 uM 0-43 75-2 2-0 2-7 
ased } Reticulocytes [U-¥4C] a= 0-54 94-5 1-6 1-7 
‘tory 1 mm 0-52 91-0 1-8 2-0 
asite ———s —$———— — — ——— — ————_____——_ 
was Table 4. Production of “CO, by free parasites from [C]glucose 
*r Suspensions of free parasites (3 ml.) were incubated with [1C]glucose (6 mg.) as described in Table 3. These sus- 
-* pensions contained parasites obtained from about 2 x 10° infected reticulocytes. The parasites did not contain 
detectable amounts of reducing sugar (see text) and it was assumed that the specific radioactivity of the glucose 
. the } utilized was the same as that of the glucose added. 
this Radioactivity (umc) 
a Conen. of Glucose Tn glucose sa binra 
be | Glucose mepacrine utilized utilized In BaCO, 100B 
: added (uM) (mg.) (A) (B) A 
an [1-40] as 2-34 194-2 2-9 15 
cose 12-5 1-16 96-3 1-5 1-6 
— 7 [6-440] — 2-20 356-4 1-4 0-4 
fect 12-5 1-24 200-9 1-0 0-5 
the [U-¥C] os 2:26 395-5 8-3 2-1 
12-5 1-12 196-0 4-7 2-4 
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accounted for as ether-soluble products (Table 5) 
and an increase in the hexose 6-phosphate fraction 
(Table 6). Moreover, the ether extract and the 
6-phosphates together account almost 
completely for the glucose utilized (Expt. 4, 
Tables 5 and 6). 


hexose 


DISCUSSION 


The results indicate that P. berghei separated 
from its host cell, the reticulocyte, catabolizes 
glucose almost entirely by the Embden—Meyerhof 
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glycolytic pathway. Other malaria parasites such 
as P. gallinaceum have been shown to possess 
glycolytic enzymes (Speck & Evans, 1945a, b), 
and phosphorylated intermediates of this pathway 
are present in chicken red cells infected with the 
same parasite (Marshall, 1948). Some evidence 
that enzymes of alternative pathways may be 
present in P. berghei is given in Tables 3 and 4, 
although the contribution of these pathways to the 
amount of glucose catabolized was small. 

Lactate was the major product of glucose cata- 
bolism by both the free parasite (Table 6) and the 


Table 5. Conversion of [U-!C]glucose into ether-soluble products by suspensions of free parasites 


‘Standard suspensions’ of free parasites (10 ml.) containing [U-C]glucose (20 mg. ; 0-037 .c/mg. in Expts. 1-3; 
0-088 wc/mg. in Expts. 4 and 5) were incubated for 1 hr. at 37°. The amount and radioactivity of the glucose 
utilized was determined as described in Table 4. In each experiment, a number of suspensions (10 ml.) of the 
same preparation were incubated simultaneously to determine the products listed in this and the subsequent 
table. To one suspension (10 ml.) from each experiment was added metaphosphoric acid containing unlabelled 
lactic acid (about 20 mg.) and the suspension was extracted continuously with diethyl ether. Solvent was 
removed and the extract was oxidized to CO, for radioassay as BaCO,. 





Radioactivity 


Glucose utilized in ether 
Conen. of ——_—" ~ ; extract 
Expt. mepacrine (mc) (umc) 100 B 

no. (uM) (mg.) (A) (B) A 
1 —- 4-00 148-0 117-1; 79 
2 — 4-44 164-3 137-8 84 
3 — 3-60 133-2 113-3 85 
4 — 3°55 312-4 265-5 85 
12-5 2-33 205-0 135-3 66 
5 —— 4-71 414-5 343-3 83 
20-0 1-41 124-1 62-0 50 


Table 6. 


Incubation procedures and other details are given in Table 5 and in the Experimental] section. Each radio- 
active product was isolated after dilution with a known amount (M*) of the unlabelled compound. On the 
assumption that the specific activity of the product (x) is the same as that of the [U-C]glucose added, the mass 
(M) of the radioactive product present before dilution can be calculated by the equation M = M*y/x — y, where 
y is the observed specific activity of the diluted product. 


Effect of mepacrine on the metabolism of [U-4C]glucose by suspensions of free parasites 


Mass (M*) of Specific Isotope in 


unlabelled activity (y) [?4C]glucose 
Conen of. compound of diluted utilized present 

Expt. mepacrine added product in product 
no. Compound isolated (uM) (mg. of C) (umc/mg. of C) (%) 
1 Lactate — 20-0 4-9 70-0 
2 Lactate — 16-0 6-9 73-0 
Acetate — 15-7 0-2 2-0 
Pyruvate — 18-9 0-3 3-4 
Succinate — 16-6 0-2 2-0 
4 Lactate — 16-0 13-5 72-8 
12:5 16-0 7-4 60-0 
Glucose 6-phosphate --- 7-2 2-4 5-6 
12-5 7-2 9-6 35-4 
Fructose 6-phosphate — 4-9 0-8 1-2 
12-5 4-9 0-9 2-1 
5 Glucose 6-phosphate — 7:2 3-6 6-3 
20-0 7-2 7-0 40-8 
Fructose 6-phosphate = 4-9 0-9 1-1 
20-0 4-9 0-7 2-8 





| 
| 
| 











_ 
> 


~~ s — © ov Ss 


196] 


Ss such 


OSsess | 


5a, b), 
thway 
th the 
idence 
ay be 
und 4, 
to the 


cata- 
1d the 





3; 
se 
he 
nt 


as 


in 


sent 
ct 





Vol. 78 


infected reticulocyte (Bowman e¢ al. 1960), and the 
small conversion of [U-!4C]glucose into “CO, by 
both types of cell suspension (Tables 3 and 4) also 
indicates that only minor amounts of glucose are 
oxidized by the tricarboxylic acid cycle. In this 
respect P. berghei differs from the parasites of avian 
and simian malaria, both of which readily oxidize 
lactate or intermediates of the tricarboxylic acid 
cycle (McKee, 1951). 

The rate-limiting step of glycolysis by the free 
parasite is concerned with the further metabolism 
of hexose 6-phosphate (Table 6). The enzymes 
involved are 6-phosphohexose isomerase and 6- 
phosphofructokinase. The equilibrium between 
glucose 6-phosphate and fructose 6-phosphate, 
catalysed by 6-phosphoglucose isomerase, is 
greatly in favour of the former (Lohmann, 1933), 
so that if the rate-limiting enzyme was 6-phospho- 
fructokinase, a mixture of these hexose 6-phos- 
phates should result in the approximate proportions 
which were actually observed. For these reasons, 
it will be assumed for the purposes of subsequent 
discussion that the rate-limiting enzyme is 6- 
phosphofructokinase. 

Various glycolytic enzymes of Plasmodium have 
been reported to be inhibited by mepacrine, such 
as hexokinase (Speck & Evans, 1945a; Marshall 
1948; Fraser & Kermack, 1957), 6-phosphofructo- 
kinase and triose phosphate dehydrogenase 
(Marshall, 1948) and lactic dehydrogenase (Speck 
& Evans, 1945a). The present results show that in 
P. berghei the enzyme most sensitive to mepacrine 
is 6-phosphofructokinase, hexokinase being in- 
hibited to a lesser extent. This can be shown by the 
following calculations from the data given for 
Expt. 4 in Tables 5 and 6. The free parasite sus- 
pension utilized 19-7 zmoles of glucose, and 1-3 p- 
moles of hexose 6-phosphate accumulated. Thus the 
overall rate of the hexokinase reaction was 19-7 p- 
moles/hr. and that of 6-phosphofructokinase was 
18-4.moles/hr. Similarly, for the mepacrine- 
treated suspension, the overall rates of the hexo- 
kinase and 6-phosphofructokinase reactions were 
12-9 umoles/hr. and 8-1 yumoles/hr. respectively. 
Thus the inhibition of hexokinase and 6-phospho- 
fructokinase by mepacrine was 35 and 50% re- 
spectively. Fraser & Kermack (1957) showed that 
the hexokinase in cell-free preparations of P. 


‘berghei was inhibited by about 25 % in the presence 


of concentrations of mepacrine more than 200 
times that used in present experiments, so that, 
although the possibility cannot be completely 
excluded, a direct inhibition of hexokinase by the 
drug seems unlikely to account for the present 
results. However, another explanation is probable 
and is based on the fact that the hexokinase of the 
parasite, like that of rat brain (Weil-Malherbe & 
Bone, 1951) and other mammalian tissues (Crane 
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& Sols, 1953), is inhibited in a non-competitive 
manner by glucose 6-phosphate (W. J. Campbell, 
P. T. Grant & W. O. Kermack, unpublished work). 
For this reason, the rate of glucose utilization by 
the parasite would be governed by the 6-phospho- 
fructokinase reaction, and the concentration of 
glucose 6-phosphate observed would be that which 
reduced hexokinase activity to equal that of 6- 
phosphofructokinase. Any decrease in the activity 
of the latter enzyme would increase the concentra- 
tion of glucose 6-phosphate and result in a decrease 
in the hexokinase activity. This product-inhibition 
of a reaction before the rate-limiting step could 
thus account for both the accumulation of glucose 
6-phosphate and the decrease of hexokinase 
activity as a consequence of mepacrine inhibition 
of 6-phosphofructokinase. 

This effect of mepacrine would appear to be a 
selective inhibition since appreciably greater con- 
centrations of the drug have no significant effect on 
either the utilization of glucose or its conversion 
into carbon dioxide by normal reticulocytes. This 
would imply that the 6-phosphofructokinase of the 
parasite differs from that of the host cell in relative 
amount or in sensitivity to the drug. This latter 
possibility cannot be excluded since it has been 
shown (Mansour & Bueding, 1954; Bueding, 1959) 
that 6-phosphofructokinase of the parasite worm, 
Schistomonas mansoni, is about 80 times more 
sensitive to tervalent antimonial drugs than is the 
enzyme present in the tissues of its mammalian 
host. 


SUMMARY 


1. Approximately therapeutic concentrations of 
mepacrine caused a marked decrease in the utiliza- 
tion of glucose by suspensions of both rodent 
reticulocytes infected with Plasmodium berghei 
(35M) and parasites separated from the host 
cell (12-5yum). In contrast, glucose utilization by 
normal reticulocytes was unaffected by higher 
concentrations (1 mm) of the antimalarial drug. 

2. At these concentrations, mepacrine had no 
significant effect on the minor amounts of “CO, 
produced by suspensions of infected reticulocytes 
or free parasites from [#4C]glucose. 

3. Lactic acid and hexose 6-phosphates, mainly 
glucose 6-phosphate, were the major products of 
glucose catabolism by the free parasites. The 
amounts of 14CO, and the distribution of isotope in 
lactate formed from [1-'4C]- and [6-!4C]-glucose 
indicated that almost all the glucose was metabol- 
ized by the Embden—Meyerhof glycolytic pathway. 
Mepacrine caused a decrease in the amount of 
lactate formed from [U-!C]glucose, with a con- 
comitant increase in hexose 6-phosphate. 

4, It is concluded that mepacrine inhibits an 
enzyme concerned with the further catabolism of 
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hexose 6-phosphate. This enzyme catalyses the 
rate-limiting step of glycolysis by the free parasite 
and may be 6-phosphofructokinase. 


One of us (I. B. R. B.) is indebted to the Medical Research 
Council for a Scholarship. 
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Influence of Exercise and Restricted Activity on the 
Protein Composition of Skeletal Muscle 


By E. A. 8. HELANDER 
Depariment of Human Anatomy, University of Gothenburg, Gothenburg, Sweden 


(Received 20 June 1960) 


It is well known that when a muscle is exercised 
it will increase its strength by undergoing hyper- 
trophy. In other words, its volume rises, and this 
might be accompanied by thickening of individual 
myofibrils (Mélbert & Jijima, 1959). Conversely, 
inactivity gives rise to muscular hypotrophy. As 
the myofilaments are alone responsible for the con- 
traction, whereas the sarcoplasm has the more 
passive function of supplying nutrients, it would be 
interesting to establish whether the ratio of myo- 
filaments to sarcoplasm undergoes any changes 
during exercise and inactivity, or whether these 
remain constant so that contractile strength and 
muscular diameter would be directly proportional 





(Pratt & Eisenberger, 1919; Sassa & Sherrington, 
1921; Spector, 1956). 

It would be feasible to carry out such an investi- 
gation with the aid of histological methods, but 
they have two major disadvantages. First, fixa- 
tion and staining are accompanied by shrinkage of 
sections, rendering impossible sufficiently precise 
determinations of the proportions of sarcoplasm 
and of myofilaments in the total cell volume. 
Secondly, the myofilaments are forming myofibrils 
which are not clearly separated from the sarcoplasm 
in sections studied by histological methods. 
Electron microscopical examination has disclosed 
that myofibrils have no envelope; moreover, it is 
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known that various chemical constituents of sarco- 
plasm, such as creatine phosphate, adenosine tri- 
phosphate and mitochondrial products, are capable 
of freely passing into and out of the myofibrils. 
Also, larger molecules, for example inulin with a 
molecular weight of 6000, can penetrate into the 
myofibril (Perry, 1956). It is difficult to tell whether 
the larger sarcoplasm-protein molecules actually 
pass into the myofibrils; but, at least theoretically, 
there is room for them between the myofilaments, 
which in the region of the I bands are separated by 
wide spaces as judged by the lack of staining with 
osmium. 

Hence methods other than histological seem to be 
preferable for studying the relationsip between 
sarcoplasmic volume and myofilamental volume. 
Such a method is the quantitative biochemical 
technique described by Helander (1957) for the 
separate determination of myofilamental proteins 
and of sarcoplasmic proteins. 


MATERIAL AND METHODS 
Animal experiments 


Guinea pigs. Male guinea pigs (weight 800-1100 g.) were 
used. After delivery from the breeder these guinea pigs 
were reared for 4-6 weeks and kept under observation. 
They received a normal diet and showed no signs of 
disease. All the animals were capable of undergoing the 
experimental exercise. They were divided into three groups 
each of similar weight distribution. 

Group I. Controls were kept in a roofless cage measuring 
300 cm. by 75 cm. 

Group II. Exercised animals were kept in the same kind 
of cage as group I. During exercise they were transferred to 
a box measuring about i150 cm. x 55 cm. subdivided into 
six compartments ; one guinea pig was made to run in each 
compartment. The floor of this box was replaced by a 
motorized endless belt moving at a constant velocity of 
30 m./min. Six days per week all the animals were made to 
run a distance of 1000m. As some of the guinea pigs 
tended to become rather exhausted when they ran this 
distance without interruption, two 10 min. pauses were 
interposed. This programme was maintained for about 
4 months, the number of working days per animal averaging 
i00 and ranging from 95 to 105. 

Group III. Animals with restricted activity were kept in 
groups of three for approximately 4 months in 22 cm. high 
cages with a floor area of 35 cm. by 24 cm., which were just 
large enough for three animals. 

Throughout the duration of the experiment the animals’ 
state of health was checked closely. In addition they were 
weighed each week, and any animal showing weight devia- 
tions above 10% was removed from the experiment. At 
the end of the experimental period each group consisted of 
sixteen guinea pigs, which were weighed (Table 2). 

Rabbits. Healthy albino rabbits between 3 and 5 
months (weight 1200-1800 g.) were used. They were given 
normal fodder, and water ad libitum. These trials were 
carried out on twenty-five rabbits, which were divided into 
four groups. 
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Group I. Ten controls whose activity had not been 
restricted were killed at the beginning of the experiment. 

Group II. Six rabbits were kept for 6 months without 
restriction of activity. 

Group III. Five rabbits were kept for 6 months in 
35 cm. high cages with a floor area of 35cm. by 70 cm. 
About one-third of the floor was occupied by food and 
containers. 

Group IV. Four rabbits were kept for 3 years in the same 
type of cages as those of group II. 


Biochemical analysis 


At the end of the experiments all animals were killed and 
exsanguinated. In the guinea pig series the calf-muscles 
were excised and weighed, whereas in the rabbit series the 
quadriceps femoris were removed and weighed. A repre- 
sentative portion of each specimen was set aside for deter- 
mination of water content. The dehydrated muscle speci- 
men was then used for estimation of total N content. 

The protein composition of the muscular tissue was 
analysed in accordance with the procedure described by 
Helander (1957). In that paper the preparation and ex- 
traction procedures have been discussed in detail. Means 
of exhaustive extraction of sarcoplasmic and myofilamental 
proteins were devised. Histological controls and re- 
extraction procedures showed that the extraction was 
complete. In that paper it is shown that after 3-4 hr. the 
extraction of both sarcoplasmic and myofilamental pro- 
teins is complete. The proteins can be exhaustively washed 
out by repeated extractions. The earlier devised method 
included such repeated extractions, which aimed to re- 
cover the proteins quantitatively. However, as it is not 
necessary to wash out the muscle proteins repeatedly to 
determine their quantities, the analytical procedure has 
been modified in the present investigation. A brief 
description follows. 

The muscular tissue is chilled as rapidly as possible with 
solid CO,, and then stored in well-stoppered glass jars (to 
prevent loss by evaporation) in a deep freezer for not more 
than 24hr. Three representative portions each weighing 
about 1 g. are sectioned in a freezing-microtome, the 30. 
thick sections being weighed in the frozen state. The first 
portion is used for determination of water content (because 
a minor discrepancy compared with the directly found 
water content may occur). The second portion is extracted 
for 4hr. at 2° with 10 ml. of 1-1m-KI+0-1M-phosphate 
buffer at pH 7-4, and, after centrifuging, the total protein N 
and non-protein N contents of the supernatant are deter- 
mined. The third portion is likewise extracted for 4 hr. at 
2° but with 10 ml. of 0-025m-phosphate buffer at pH 7-4, 
and, after centrifuging, the total protein N and non-protein 
N contents of the supernatant are similarly determined. 
The total protein N quantities extracted with KI, and with 
the weak buffer, can then be calculated from a knowledge 
of the total extraction volume, including the volume of 
muscular tissue whose specific gravity is assumed to be 
1-06 (Spector, 1956). 

Figures for water content, total N and non-protein N are 
provided directly by the analysis. The amount of sarco- 
plasmic protein N is equivalent to the protein-N amount 
extracted with the weak buffer, whereas the amount of 
myofilamental protein N is equivalent to the protein N 
amount extracted with KI less the amount of sarcoplasmic 
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protein N. The amount of stroma protein N, lastly, is caleu- 
lated from the difference between the amount of KI- 
extractable total N and the amount of total N in fresh 
muscular tissue. 

The reproducibility of the method was evaluated by 
making a series of eighteen duplicate determinations of 
rabbit calf-muscles. The statistical treatment was per- 
formed according to Snedecor (1956). The numerical values 
have been treated by variance analysis. Statistically 
significant differences are said to occur when P < 0-05. 


RESULTS 


The data establishing the error of the biochemical 
method are given in Table 1. 

Guinea pigs. The data derived from the experi- 
ments with guinea pigs were treated statistically, 
the resulting means and standard error of the means 
being given in Tables 2 and 3. 

Table 2 reveals that the groups were entirely 
comparable with respect to the body weights. Nor 
did the weights of the calf-muscles on the two sides 
differ appreciably. A slight tendency can be 
discerned for muscular weight to increase with 
rising degrees of functional activity. The ratio of 
calf-muscle weight to body weight did not exhibit 
any statistically significant differences between the 
three groups. 


Table 1. Nitrogen components in muscular tissue 


Values are the mean of 18 duplicate determinations 
tS.D. of their differences. 


Nitrogen Nitrogen content 
component (mg./g. of wet tissue) 
Total 33-11+40-5 
Myofilamental 18-:14+0-7 
Sarcoplasmic 6-13 +0-5 
Stroma 4-78+0-5 
Non-protein 


4-18+0-4 


Table 2. 
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Table 3 makes it clear that there was no difference 
in water content between the controls and the 
animals in the restricted activity group, and, also, 
that it was significantly higher in both these 
groups than among the exercised guinea pigs. In 
the exercised animals the total nitrogen content of 
wet muscular tissue tended to be a little higher than 
in the controls and the restricted activity group, 
but there was no significant difference. The three 
groups exhibited no appreciable differences with 
respect to sarcoplasmic proteins, stroma proteins and 
non-protein nitrogen. However, the exercised group 
showed a significantly higher content of myofila- 
mental protein nitrogen than the two other groups. 

Rabbits. The protein fractions determined for 
individual rabbits are listed in Table 4. 

Owing to the small number of animals, no con- 
clusions based on statistical evaluation can be 
drawn. It is seen that there is a complete agree- 
ment in the protein composition of the muscles 
from the animals of groups 1 and 2. In all groups 
the total nitrogen contents and the proportions of 
stroma nitrogen and of non-protein nitrogen re- 
mained unaltered. The animals in groups 3 and 
4 showed changes of the amounts of myofila- 
mental and sarcoplasmic nitrogen. Thus the rabbits 
of groups 1 and 2 exhibited a myofilamental nitro- 
gen content more than twice as large as the sarco- 
plasmic, whereas in group 4 these two muscle 
constituents were present in approximately equal 
proportions; group 3 occupied an intermediate 
position. 


DISCUSSION 


The experiments with guinea pigs demonstrated 
that exercise increases the proportion of myofila- 
mental nitrogen in skeletal muscle. On the other 
hand, the protein composition of the muscles in the 


Weight of body and calf-muscles of guinea pigs after various physical activity 


Values are given as means+S.E.M. 


Group of No. of Body weight 
animals animals (g-) 
Normal 16 980 + 25 
Exercised 16 980+17 
Restricted activity 16 980+18 





Weight of calf-muscles as 
per cent of body weight 


Combined 
weight of 








both calf-muscles pos — 





(g-) Right Left 
6-33 +0-20 0-33 0-01 0-33 +0-01 
6-53+0-19 0-34+0-01 0-33 +0-01 
6-06 +0-17 0-31+0-01 0-31+0-01 


Table 3. Protein composition of calf-muscles from guinea pigs after different degrees of physical activity 


Values are given as means+S.E.M. 


Total nitrogen 








Water content Nitrogen components (mg./g. of wet tissue) 
Group of content (mg./g. of c : - — 
animals (%) wet tissue) Myofilamental Sarcoplasmic Stroma Non-protein 
Normal 76-7 +.0-25 29-1+0-46 15-0 +0-34 7-2+0-25 3-5+0-43 3-1+0-03 
Exercised 75-2+0-21 30-1+0-18 17-2+0-30 7-10-25 2-7 +0-47 3-2+0-02 
Restricted activity 76-2+0-22 28-6+0-49 15-0 +0-42 6-9 +0-30 3-0 +0-89 3-1+0-04 
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Table 4. Protein composition of thigh muscles from rabbits after various physical activity 
Total nitrogen Nitrogen components (% of total nitrogen) 
Animal (mg./g. of cr —A—_- — 
Group no. muscle tissue) Myofilamental Sarcoplastic Stroma Non-protein 

1 1 32-8 59 26 5 10 
2 32-1 58 25 7 10 

3 34-0 60 24 6 10 

4 32-6 62 23 6 10 

5 31-8 57 27 7 10 

6 33-1 56 27 6 11 

7 32-9 61 23 6 10 

8 32-4 60 24 6 11 

9 32-7 59 24 6 11 

10 33-4 62 22 7 9 

Mean 32-8 59 25 6 10 

2 1] 32-4 61 22 7 11 
12 34-0 59 23 7 11 

13 32-6 57 25 5 12 

14 33-5 59 24 7 10 

15 31-1 58 27 6 9 

16 33-3 56 26 6 ll 

Mean 33-6 58 25 6 11 

3 17 33-4 52 31 6 11 
18 32-9 52 33 4 10 

19 34-1 51 33 6 10 

20 32-0 49 34 6 11 

21 32-8 53 3l 7 10 

Mean 33-0 51 32 6 10 

4 22 34:3 40 44 6 11 
23 35-2 39 Ad 6 11 

24 32-6 44 41 5 10 

25 34-2 41 43 6 10 

Mean 34-1 41 43 6 10 

restricted activity group did not deviate from that possibility of age influence and of muscular 


in the controls. This outcome must be due either to 
an insufficiently jong experimental period or to the 
unsuitability of guinea pigs for experiments of this 
type: they manage to move about a good deal even 
when confined to a small space. 

The experiments with rabbits disclosed that long 
periods of restricted activity are accompanied by a 
decrease of the myofilamental nitrogen amount, 
and at the same time an increase of the sarcoplasmic 
content of their skeletal muscles. Here, then, a 
change opposed to that found in the exercised 
guinea pigs has taken place. 

In the experiments with guinea pigs the calf- 
muscle tended to be heavier in the exercised 


_ animals than in the controls. It seems likely that 


exercise had caused a slight hypertrophy at the 
same time that the myofilamental content rose. 
Both these changes enhance the combined con- 
tractile strength of the muscles. It is not easy to 
establish how high the myofilamental proportion 
can rise. But I have never seen either in these or 
other experiments any specimen of muscular tissue 
in which it exceeded 65% of the total nitrogen 
content. 

In interpreting the experiments with rabbits the 


31 


atrophy must be considered. Comparison is made 
between rabbits of approximately 4 months 
(group 1), 10 months (groups 2 and 3) and 
40 months (group 4) in age. If the results of 
groups 2 and 3 are compared it is seen that 
restricted muscular activity seems to be accom- 
panied by a diminished myofilamental nitrogen 
content and an increased sarcoplasmic nitrogen 
content. However, in animals in group 4 it is 
impossible to eliminate the effect of age. Aging 
might have had an effect itself on the protein com- 
position of the muscle cell or it may be combined, 
as in humans (Ufland, 1932), by a diminished 
muscular activity, which gives rise to the reported 
alteration. 

I have previously reported (Helander, 1957), 
and histological investigations by others have 
borne out, that muscular atrophy is accompanied 
by a rise in the amount of stroma in the muscular 
tissue. Most likely this increase of connective 
tissue in early stages is relative rather than ab- 
solute (Fischer & Ramsey, 1946; Helander, 1957). 
However, a true increase of connective tissue con- 
ceivably takes place in cases of advanced muscular 
atrophy. From the fact that the stroma content of 
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muscular tissue underwent no change in the present 
experiments, I conclude that the observed muscles 
had not atrophied. Aging itself very rarely seems 
to produce so-called ‘senile muscular atrophy’ 
(Adams, Denny-Brown & Pearson, 1953), nor was 
that condition observed in these experiments. 

The two series of experiments clearly indicate 
that the composition of the muscle cell may norm- 
ally vary within wide limits. To some extent it 
seems capable of adapting itself to the degree of 
activity, as reflected by a rising myofilamental 
density during heavier work and a diminishing 
myofilamental density when the activity is re- 
stricted. Thus the composition of normal muscle 
cells is not fixed. I have previously proposed that 
the term ‘allomorphism’ should be applied to such 
fluctuations in the normal cell composition 
(Helander, 1958). The same term may be applied to 
other cells, should they be capable of undergoing 
similar adaptive changes. 

Clearly, therefore, the skeletal muscular tissue 
responds in two ways to changes in the degree of 
functional activity. In the first place exercise is 
accompanied by hypertrophy and inactivity by 
hypotrophy; in the second place the amount of 
contractile substances in the muscle cell changes, 
rising with exercise and diminishing with restricted 
activity. Both these processes exert a modifying 
influence on the contractile strength of the muscle. 

In general the contractile strength of muscular 
tissue is described as directly proportional to the 
effective cross-sectional area of the muscle. But 
since the amount of contractile substances may vary 
widely from one muscle cell to another, it would 
perhaps be more correct to use the effective cross- 
sectional myofilamental area as a basis for calcu- 
lating the muscle’s contractile strength. 


SUMMARY 


1. A modified method for calculating the protein 
composition of muscular tissue is described. An 
extraction procedure enables determination of the 
amounts of myofilamental proteins, sarcoplasmic 
proteins, stroma proteins, non-protein nitrogen, 
total nitrogen and water. 
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2. A first series of experiments were performed 
on forty-eight guinea pigs divided into three groups 
of sixteen. The animals in one of these groups were 
kept in very small cages so as to restrict their 
activity, those in another group were exercised 
and those in the last group served as controls. The 
myofilamental protein content was higher in the 
calf-muscles of the exercised animals than in either 
of the other two groups. 

3. In asecond series of experiments rabbits were 
kept up to 3 years in cages designed to severely 
restrict their activity. This gave rise to a modifica- 
tion of the composition of the thigh muscles mani- 
fested by reduced myofilamental content and en- 
hanced sarcoplasmic content. 

4. It is concluded that skeletal muscles adapt 
themselves to the degree of functional activity, 
not only by showing hypertrophy after exercise 
and hypotrophy after restricted activity but also 
by alterations in the composition of the muscle 
cells. Exercise thus enhances the myofilamental 
density in the muscle cell, whereas restricted 
activity reduces its myofilamental density and 
instead increases the sarcoplasmic content. Both 
these processes are liable to influence the contractile 
strength of the muscular tissue. 
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The Partial Purification and Properties of a Cholinesterase 
from Blatella germanica L. 


By K. A. LORD 
Rothamsted Experimental Station, Harpenden, Herts. 


(Received 28 July 1960) 


Enzymes hydrolysing acetylcholine have at- 
tracted much attention because acetylcholine is 
concerned with the functioning of the nervous 
system. The extensive literature on cholinesterases 
has been reviewed at intervals (Zeller, 1948; 
Koelle & Gilman, 1949; Augustinsson, 1950; Nach- 
mansohn & Wilson, 1951; Whittaker, 1951; Davies, 
1954; Bergmann, 1958; Davies & Green, 1958). 

Although there is ample evidence that enzymes 
responsible for the hydrolysis of acetylcholine vary 
from species to species they can be divided roughly 
into types according to certain general properties 
(Augustinsson, 1957); one of these types is closely, 
but not exclusively, associated with nervous tissues. 
It is generally supposed that insect cholinesterases 
do not differ significantly from cholinesterases from 
other sources and that they are associated with the 
nervous system. However, most of the limited 
studies on insect cholinesterases have been made 
with crude breis of whole insects or parts of insects 
which may contain other esterases or substances 
that modify the activity of the cholinesterase. It is 
desirable to free the cholinesterase from contami- 
nants and compare its properties with those of 
esterases from other sources. Any unusual pro- 
perties of the enzyme might give an insight into the 
functioning of insect nervous tissues. In addition 
the properties of insect cholinesterase are of especial 
importance in relation to the mode of action of 
organophosphorus insecticides, which are generally 
considered to act by inhibiting cholinesterase of 
the nervous system. Doubts have been expressed 
that this is always the mode of action in insects, 
although it is well established that both cholin- 
esterase and acetylcholine are associated with 
insect nervous tissues. The evidence has recently 
been reviewed by Winteringham & Lewis (1959). 

Detoxication, rate of entry of poison and other 
similar factors may be expected to modify the 
toxicity of an insecticide, but not to the exclusion 
of effects due to the properties of the enzyme 
inhibited by the poison. A knowledge of insect 
cholinesterases should therefore assist the under- 
standing of the toxic action of organophosphorus 
compounds even if cholinesterase inhibition is not 
invariably the primary action of this important 
group of insecticides. 


The German cockroach (Blatella germanica L.) 
was chosen as the source of an insect cholinesterase, 
because it is easily reared and cholinesterase 
activity is readily demonstrated in extracts from it. 
The cockroach cholinesterase differs from those 
examined from other sources in several interesting 
ways. 

METHODS AND MATERIALS 


Measurements of esterase activity 


With the Warburg apparatus it is possible to determine 
the activity of B. germanica cholinesterase with concentra- 
tions of acetylcholine as low as 1 mm and to obtain an indi- 
cation of enzyme activity with substrate concentrations as 
low as 0-1 mM, because the rate of CO, evolution does not 
change appreciably until 90% of the substrate has been 
hydrolysed. 

Because manometric methods of assay are not accurate 
at substrate concentrations as low as 0-1 mm some deter- 
minations of activity were made with an electrometric 
method in which the limiting factor is the detection of small 
changes of pH rather than the depletion of substrate (the 
volume of reaction mixture may be made large or the 
substrate replenished as the reaction proceeds). Results 
obtained with the electrometric method were consistent 
with those obtained with the manometric method at low 
substrate concentrations (0-1 mm-acetylcholine) and de- 
monstrated high activity at even lower concentrations. 

Colorimetric methods of assay were used to study effects 
of pH on activity. They are readily applicable to measure- 
ments of activity at different pH because the assay pro- 
cedures can readily be made independent of pH. 

All determinations of enzyme activity were made at 
25°. 

Manometric assay. This type of assay was made in 
Warburg manometers with a final concentration of 0-02M- 
NaHCO,, or 0-02mM-KHCO, where specified. No other salts 
were added unless stated. The apparatus was filled with 
CO,+N, (5:95). Two sizes of reaction vessel were used, 
giving a total volume in the apparatus of approx. 8 ml. or 
20 ml. When the smaller flasks were used the total volume 
of the reaction mixture was 1-5 ml. In the larger flasks the 
volume of the reaction mixture was 3 ml. unless the sub- 
strate concentration was less than 1 mm, when 6 ml. of 
reaction mixture was used. This procedure increases the 
accuracy of assay at low substrate concentrations. The 
amount of enzyme present was usually adjusted to give a 
rate of pressure change between 1 and 3 mm./min. 

Electrometric assay. The enzyme-substrate reaction 
mixture was maintained at constant pH by titrating the 
acid liberated with 0-01N-NaOH delivered from an Agla 
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micrometer syringe. The reaction mixture contained no 
added salts unless this is specifically stated and the volume 
was usually 10 ml. It was stirred by means of a stream of 
CO,-free air. The titrations were done with the apparatus 
described by Burch (1954), except that the anode-load 
resistor of the pH comparator was increased to 25 000 ohms 
to reduce the drain on the batteries and so increase the 
stability of the apparatus. 

Colorimetric assays. These assays were all made in 
0-1m-buffer. Samples were removed from the enzyme 
substrate mixture at various time intervals to determine 
the degree of hydrolysis. For cholinesterase the amount of 
choline esters remaining in the samples was determined by 
the method described by Hestrin (1949). The hydrolysis of 
pheny] esters was measured by a modification of the method 
of Collins (1945) to determine the free phenol in each 
portion. The reaction was stopped by adding an equal 
volume of diazotized 0-03% (w/v) p-nitroaniline in 0-1N- 
HCl. A buffer of an equimolar mixture (Na,CO,-NaHCO,) 
was added to adjust the pH to approx. 10 (25 vol. of 0-1m- 
buffer were used for phenyl acetate and 5 vol. of 0-5 for 
pheny! propionate), and the colour was read 1 min. later at 
470 my with a Unicam SP.350 spectrophotometer. 

Units of activity. Unless otherwise specified, all activities 
have been given as pmoles of substrate hydrolysed in 
15 min. by 1 ml. of the enzyme purified to stage 5 (see 
below). During the purification procedure the cholin- 
esterase was measured manometrically. One unit of 
cholinesterase activity was defined as the amount of 
enzyme which would liberate 1 yl. of CO, in 15 min. at 25° 
from a medium containing 10 mm-MgCl,, 20 mm-NaHCO, 
and 2-75 mm-acetylcholine chloride. Specific activity was 
defined as the units of activity of cholinesterase/ml. divided 
by the extinction of the solution at 280 mp measured for a 
1 em. light-path. 

Substrates. Substrate solutions were usually prepared in 
water, but 5% (v/v) acetone was used to increase the 
solubility of the poorly water-soluble substances, phenyl 
acetate, phenyl propionate, phenyl butyrate, tripropionin 
and tributyrin. The pH of substrate solutions was adjusted 
when necessary with 0-1N-NaOH. The solutions were 
usually freshly prepared, but some acetylcholine chloride 
solutions were stored frozen at -16°. Acetylcholine 
chloride was obtained from Roche Products Ltd. Acetyl- 
choline perchlorate, triacetin, tripropionin, tributyrin, 
ethyl acetate, ethyl propionate, ethyl butyrate and phenyl 
acetate were purchased from British Drug Houses Ltd. The 
ethyl esters were redistilled and the phenyl acetate was 
freed from phenol by refluxing with acetic anhydride and 
redistilling. Propionylcholine perchlorate and butyryl- 
choline perchlorate were synthesized by refluxing the 
appropriate acid anhydride with equimolar portions of 
choline chloride for 1 hr. The ester was precipitated with 
dry ether and filtered off, converted into the perchlorate by 
the method of Bell & Carr (1947) and recrystallized from 
ethanol. Phenyl propionate and phenyl butyrate were 
synthesized by the method of Chattaway (1931), with 
excess of the appropriate anhydride. The product when 
distilled was virtually phenol-free. Dimethylaminoethanol 
acetate was prepared according to Jones & Major (1930). 

Insects. Adult males were selected from cultures of B. 
germanica maintained at 29° and fed on a mixture of rolled 
oats, dried yeast and dried milk (8:1:1). There was no 
attempt to control humidity and water was supplied to the 
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culture. Houseflies were selected as adults (3-4 days old) 
from normal insecticide-susceptible cultures of Musca 
domestica L. kept at 27° and 50% relative humidity. The 
adult flies were fed on dry powdered full-cream milk and 
sugar with a supply of water and fresh milk diluted with an 
equal volume of water. Larvae were reared in a gel con- 
sisting of powdered milk (100g.), dried brewer’s yeast 
(100 g.) and agar (20 g.) in 1000 ml. of water. 


Cholinesterase preparations 


Cholinesterase from Musca domestica. No attempt was 
made to purify the cholinesterase from houseflies. Tests on 
this material were made on extracts prepared by homo- 
genizing heads of equal numbers of male and female flies 
with water in a power-operated all-glass homogenizer. 

Cholinesterase from Biatella germanica. When whole 
adult B. germanica males are ground in a mortar with water 
and the resulting suspension is centrifuged, 50-60 % of the 
cholinesterase activity remains in the supernatant solution. 
Power-operated apparatus for preparing homogenates, 
such as the Waring Blendor, often inactivate the cholin- 
esterase, probably by local heating. The crude enzyme is 
partly inactivated by heating to 40° for 5 min. The natural 
pH of the suspension is 6-0—-6-5. Only slightly larger pro- 
portions of the cholinesterase activity remain in the super- 
natant when the pH of the suspension is raised to 9-0 or 
when salts are added. When sodium taurocholate is added 
to the suspension at pH 6-5, almost all of the activity 
remains in the supernatant on centrifuging. Dialysis of 
this supernatant removes much _ ultraviolet-absorbing 
material, and if the dialysis fluid is kept at pH 8 or above 
the cholinesterase activity remains in solution. This 
dialysis facilitates fractionation by (NH,),SO, precipitation. 
The cholinesterase can be precipitated almost completely 
by (NH,),.SO, whereas the greater part of the other esterase 
activity remains in solution (Table 1). Most of the cholin- 
esterase activity can be extracted from the (NH,),S0, 
precipitate with a solution of NaHCO,, followed by an 
alkaline (NH,),SO, solution ; a considerable purification is 
obtained in this way. Between 15 and 30% of the cholin- 
esterase activity cannot be extracted from the precipitate 
and may represent a different enzyme, but this has not 
been examined. When the main portion of the cholinesterase 
(stage 3, Table 1) is dialysed for a prolonged period in 
cellophan sacs much activity is lost. This does not happen 
with collodion membranes but then the enzyme is diluted 
to an inconvenient extent. However, adequate dialysis 
may be obtained in a short time by using cellophan sacs 
and agitating. After dialysis the preparation is frequently 
opalescent because of suspended matter not readily 
removed by prolonged centrifuging. When viewed under 
the microscope the preparation contains spherical droplets 
which are presumed to be liquid fat. Treatment with prot- 
amine sulphate facilitates subsequent fractional precipita- 
tion with acetone, although it does not appear to give any 
purification (Table 1). However, when the enzyme is 
assayed under optimum conditions (1 mM-acetylcholine 
and 0-1 m-NaCl) the activity appears to increase almost two- 
fold, and in stages 4 and 5 the yield and purification is 
nearly twice that given in Table 1. Fractionation with 
acetone gives a product that can be stored frozen at — 16° 
for at least a year without loss of activity. The enzyme is 
sensitive to repeated freezing and thawing and was there- 
fore stored in small batches. 
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Stage 1 (extraction). Adult male B. germanica were 
extracted in a pestle and mortar by grinding (four insects/ 
ml.) with a 0-4% solution of sodium taurocholate in water. 
The solution was strained through muslin and centrifuged 
(2000 g for 50 min.). The supernatant was strained through 
a cotton-wool plug after as much fat as possible had been 
removed from the surface. The solids were rejected. 

Stage 2 (dialysis). The supernatant was dialysed at 5° 
against 12 vol. of 5 mm-Na,HPO, for 6 hr. with stirring, 
followed by dialysis against 12 vol. of 2mm-Na,HPO, 
overnight. The contents of the dialysis sacs were then 
centrifuged (2000 g for 40 min.) and any fat was removed 
from the surface of the supernatant. The solids were dis- 
carded. 

Stage 3 (ammonium sulphate precipitation). Ammonium 
sulphate was added slowly with stirring to the supernatant 
(0-225 g./ml.). After standing for 2 hr. at 20° the mixture 
was centrifuged (4000g for 60 min.). The supernatant 
contains considerable esterase activity but hydrolyses 
acetylcholine only slowly; it was retained for further 
examination of other esterases. The precipitate contained 
most of the cholinesterase of the preparation and was 
extracted by suspending in 0-2mM-NaHCO, [1 ml. for each 
20 ml. of supernatant from stage 2 treated with (NH,),SO,] 
for 1 hr. at 20°. The mixture was centrifuged (14 000g for 
15 min.) and the supernatant decanted off. The solids were 
re-extracted by suspending for 1 hr. in each of two successive 
portions of a solution containing 62-5 mm-NaHCO, and 
750 mm-(NH,),.SO,. The mixtures were centrifuged and the 
extracts combined. 

Stage 4 (dialysis and protamine sulphate). The combined 
extracts were dialysed for 1 hr. with rocking at 0° against 
10 vol. of 10 mm-sodium citrate buffer, pH 6-6. The dialysis 
was then repeated with a fresh portion of sodium citrate 
buffer. The product was then treated with 0-4 vol. of 2% 
(w/v) protamine sulphate (ex-salmon roe ; L. Light and Co. 
Ltd.) at pH 6. It was allowed to stand for 1 hr. at 20° and 
was then centrifuged (2000 g for 30 min.). The solids were 
rejected. The supernatant was dialysed for 30 min. against 
two successive portions of 5-6 vol. of water at 0°. 

Stage 5 (acetone precipitation). After dialysis the solu- 
tion was cooled again to 0° and acetone at - 5° was added 
slowly with stirring whilst the temperature was decreased 
to ~5°. When the acetone concentration was 25% (v/v) 
the mixture was allowed to stand for 1 hr. at —5° before 
centrifuging (1500 g for 30 min.). The solids were rejected. 
Further acetone was added to the supernatant until the 
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concentration of acetone was 50% (v/v); the mixture was 
allowed to stand for lhr. before centrifuging at -5° 
(1500 g for 30 min.). The precipitate was stored overnight 
at — 16° to allow any acetone to evaporate. The precipitate 
was then taken up in 2-5 mm-sodium citrate buffer, pH 6-6 
(1 ml. for each 10 ml. of stage 4 treated). The preparation 
was used for all experiments on the properties of the B. 
germanica cholinesterase. The final product contained 32% 
of the cholinesterase in the initial extract and the purifica- 
tion was at least 40-fold in terms of absorption of light at 
A 280 mp. Details of yield and purification at each stage 
are set out in Table 1. 


Electrophoresis 

Electrophoresis experiments with B. germanica cholin- 
esterase preparations were done at +0-5° in thin sheets of 
starch gel prepared according to Smithies (1955). A 
voltage of 4:5v/cm. (approx.) was applied for 17 hr. The 
ionic strength of the buffer solutions was 0-05. 

The position of esterase activity was located in the gel 
with five substrates which were sprayed on the gel sup- 
ported on strips of filter paper. Indoxyl acetate was 
applied as a 0-1% (w/v) solution in benzene. It is hydro- 
lysed by esterases to give indoxyl, which gives rise to a blue 
fluorescence and, on oxidation by air, indigo. Fluorescein 
acetate was also applied as a 0-1% (w/v) solution in 
benzene. Esterases hydrolyse it to give the strongly 
fluorescent fluorescein. The hydrolysis of aqueous 0-5% 
(w/v) acetylthiocholine sprayed on the gel was observed 
after incubating for 1 hr. at room temperature by spraying 
with an ethanolic 0-1% (w/v) solution of 2:6-dichloro- 
phenolindophenol. The thiocholine liberated by enzyme 
activity reduces the intensely blue oxidation—reduction 
indicator to a colourless compound. The enzymic hydrolysis 
of phenyl acetate and phenyl propionate was detected by 
formation of a red pigment from the phenol liberated. The 
substrates were sprayed on the gel as 0-1 % (v/v) solutions 
in benzene. One hour later the gel was sprayed with 
diazotized 0-3% (w/v) p-nitroaniline in 0-1N-HCl and the 
gel immediately made alkaline by exposing to ‘ammonia 
vapour. 


RESULTS 
The rate of hydrolysis of acetylcholine by the 


purified preparation of B. germanica cholinesterase 
was proportional to the amount of enzyme used 


Table 1. Blatella germanica cholinesterase preparation 


For full details of the preparation see the text. The hydrolysis of phenyl acetate and triacetin was determined 
manometrically in the presence of NaHCO, alone. The hydrolysis rates are given relative to the hydrolysis of 


acetylcholine in the presence of 0-01 m-MgCl,. 


Volume 

Stage (ml.) 

(1) Extraction 585 

(2) Dialysis 640 
(3) Ammonium sulphate precipitation 

(a) Supernatant 640 

(b) Precipitate 97 

(4) Dialysis and protamine sulphate 165 


(5) Acetone precipitation 23 


Relative rate of hydrolysis 


Total —-—- 
activity Specific 3-7 m- 18 mm- 
(units) activity Phenyl acetate Triacetin 
84 000 1-6 5-7 1-8 

83 000 5-2 5-2 1-8 

12 000 1-5 17 8-4 

45 500 22 1-2 0-21 

31 000 24 2-0 0-31 

27 000 64 1-7 0-33 
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over a tenfold range, whether estimated mano- 
metrically or by electrometric titration. 


Variation of hydrolysis of acetylcholine with substrate 
concentration and the effects of anions and cations 


Manometric assay. It was not possible to deter- 
mine a Michaelis constant for the B. germanica 
cholinesterase with acetylcholine as substrate. In 
the absence of salts other than sodium bicarbonate 
maximum activity was exhibited at the lowest 
substrate concentrations used (0-1—0-3 mm). The 
activity fell with increasing substrate concentra- 
tions and at 0-1m the rate of hydrolysis of acetyl- 
choline was about one-tenth of the rate at 1 mm. 
Sodium chloride increased the rate of hydrolysis of 
acetylcholine at substrate concentrations above 
1 mM, under all conditions examined. The effect 
increased with the salt concentration and m- 
sodium chloride approximately doubled the activity 
of the enzyme. In the presence of M-sodium chloride 
a maximum activity was observed with about 
1 mm-acetylcholine and at substrate concentrations 
less than 0-5 mm the activity of the enzyme was 
decreased. Inhibition was not observed with lower 
concentrations of salt and enzyme activity did not 
fall as the concentration of acetylcholine chloride 
was decreased to 0-1 mm when the concentration of 
sodium chloride was less than 0-1M. 

Acetylcholine was hydrolysed at the same rate 
whether used as the perchlorate or chloride in the 
presence of sodium bicarbonate alone. The effects 


100 


75 


Activity 
uw 
o 


25 





5 4 3 2 + 
log conen. of acetylcholine chloride (m) 


Fig. 1. Effect of sodium chloride on the variation of B. 
germanica cholinesterase activity with acetylcholine 


chloride concentration: electrometric-titration assay. A, 
No salts; @, 0-1mM-NaCl; O, 0-01m-NaCl. 
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of sodium sulphate on the hydrolysis of acety)- 


choline perchlorate were closely similar to those of 


sodium chloride on the hydrolysis of acetylcholine 
chloride. 

In low concentrations (0-1mM and 0-01M) magne- 
sium chloride increased the activity of B. germanica 
cholinesterase at acetylcholine concentrations 
above 1 mm, but at lower substrate concentrations 
it was inhibitory. 
magnesium chloride (0:33M) inhibited to some 
extent at all substrate concentrations but very 
markedly at low ones, giving an optimum sub- 
strate concentration of about 0-5 mm-acetylcholine 
chloride. 

Acetylcholine chloride was hydrolysed by B. 
germanica cholinesterase in potassium bicarbonate 
at the same rates as in sodium bicarbonate. The 
effects of potassium chloride closely resembled 
those of sodium chloride. 

Electrometric assay. The Michaelis constant of B. 
germanica cholinesterase could not be determined 
by the electrometric-titration technique. With no 
added sodium chloride the activity of the enzyme 
increased as the substrate (acetylcholine) concen- 
tration was decreased to 100yMm and stayed the 
same to 10 uM, the lowest value at which measure- 
ments could be made. Increasing concentrations of 
sodium chloride up to 0-1M increasingly activated 
the enzyme at pH 7-5 and no optimum substrate 
concentration was observed (Fig. 1). 


Hydrolysis of esters other than acetylcholine 


Variation of activity with substrate concentrations. 
B. germanica cholinesterase hydrolysed a variety of 
esters other than acetylcholine. The esters, pro- 
pionylcholine, N-dimethylaminoethanol acetate 
and acetyl-B-methylcholine, which are closely 
related to acetylcholine and were rapidly hydro- 
lysed by the B. germanica cholinesterase, all 
showed optimum substrate concentrations, with 
inhibition at high substrate concentrations and a 
decrease in activity at very low substrate concen- 
trations (Table 2). Butyrylcholine and benzoyl- 
choline were hydrolysed only very slowly compared 
with acetylcholine. Phenyl acetate, phenyl pro- 
pionate and triacetin were hydrolysed by the 
cholinesterase at rates which increased with their 
concentration. There was no inhibition with excess 
of substrates and the maximum rates observed 
were comparable with the highest rate with acetyl- 
choline under similar conditions (Table 2). Ethyl 
acetate, ethyl propionate, ethyl butyrate, tripro- 
pionin, tributyrin, phenyl butyrate and O-acetyl 
ethanolamine were hydrolysed at less than 10 % of 
the rate of hydrolysis of acetylcholine. Acetone, 
which was used to increase the solubility of some 
of these esters, had no effect on the rate of hydro- 
lysis of acetylcholine under the conditions used. 


Higher concentrations of 
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Variation of activity with pH. Activity—substrate 
concentration curves with acetylcholine chloride 
were obtained at a number of pH values by the 
electrometric-titration method. Similar curves 
were obtained at all pH values above pH 7; under 
these conditions the activity increased as the sub- 
strate concentration was decreased to 100 um and 
remained constant as it was decreased to 10M. 
Below pH 7, maximal activity was observed at 
substrate concentrations of about 1mm. Activity 
increased with increasing pH up to pH 8, when 


100 


50 


Activity 





Fig. 2. Variation of B. germanica cholinesterase activity 
with pH for different substrates: colorimetric assay. O, 
0:3 mm-Acetylcholine chloride; A, 0-6 mm-propionyl- 
choline perchlorate ; @, 20 mm-phenyl acetate ; A, 20 mm- 
phenyl propionate. Buffer solutions: pH 6-8, sodium 
phosphate ; pH 8-10, sodium borate. 


Table 2. Esters hydrolysed by Blatella germanica cholinesterase 
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difficulty was experienced in making satisfactory 
determinations. 

With the colorimetric methods the variation of 
activity with pH was determined at optimum sub- 
strate concentrations for acetylcholine, propionyl- 
choline, phenyl acetate and phenyl propionate. 
Activity increased with pH to a value between 7 
and 8; with acetylcholine and phenyl acetate it 
remained constant up to pH 10, but propionyl- 
choline showed maximum activity between pH 7 
and 8 and phenyl propionate between pH 8 and 9 
(Fig. 2). 


Properties of the enzyme preparation 


Stability. B. germanica cholinesterase is only 
slightly inactivated by heating to 40° for 3 min. 
and is almost completely inactivated by heating to 
50° for 3min. The hydrolyses of acetylcholine, 
phenyl acetate, phenyl propionate and triacetin, 
assayed manometrically, are equally affected by 
heat treatment (Table 3). 

The pH of the purified preparation can be 
changed over the range 5-10 without loss of 
activity as assayed manometrically. About 25% 
activity was lost when the pH was lowered to 4-2. 

Mixed-substrate experiments. B. germanica cho- 
linesterase always hydrolysed mixtures of acetyl- 
choline together with phenyl acetate, phenyl pro- 
pionate, phenyl butyrate or triacetin at rates in- 
termediate between the rates of the separate 


Manometric assays in the presence of 0-1 M-sodium chloride. 


Highest experimental 


rate of hydrolysis 





Se. 
pmoles/ 
Substrate 15 min./ml. 
Acetylcholine 74 
Propionylcholine 45 
Butyrylcholine 3 
Acetyl-B-methylcholine 56 
N-Dimethylaminoethanol acetate 23 
Phenyl acetate 91 
Phenyl propionate 36 
Phenyl butyrate 4+ 
Triacetin 15 


Wane, 
Substrate Inhibition (approx.) Ko 
concen. by excess (umoles/ (approx.) 
(mm) of substrate 15 min./ml.) (mm) 
1 + 
1 + 
1 + ‘ 
26 + ‘ 
2 + ; . 
18 - 110 3 
20 - 40 2 
10 - ‘ ‘ 
100 - 15 14 


Table 3. Heat inactivation 


Percentage activity remaining after heating for 3 min. Manometric assay in the presence of 0-1m-NaCl. 


Temperature ... “a 
Substrate 
Test 1 1 mm-Acetylcholine chloride 
10 mm-Pheny] acetate 
Test 2 1 mm-Acetylcholine chloride 


17 mm-Phenyl propionate 
67 mm-Triacetin 


40 43 47 50° 
84 71 35 35 
- 4 25 
84 70 35 29 
4 ‘ s 22 
100 37 24 
81 46 30 
96 43 28 








488 K. A. LORD 196] 
Table 4. Mixed-substrate experiments 
Rates of hydrolysis were determined manometrically in the presence of 0-1M-NaCl. 
Total rate of acid liberated 
(umoles/15 min./ml. of enzyme) 
e » — =e -s o " oe 
With acetylcholine chloride 
Pr. oe —_A~— ms | 
Non-choline esters Alone 0-5 mm 20 mm 
16-5 mm-Pheny] acetate 39 30 12 
16-6 mm-Phenyl propionate 22 25 15 
7-1 mm-Pheny! butyrate 6 18 : 
67 mn-Triacetin 8 21 9 
None 24 5 
Choline esters 
10 mm-Butyrylcholine chloride 1 2 
9-7 mm-Benzoylcholine chloride 4 5 
None 28 
Table 5. Inhibition by physostigmine 
Percentage activity remaining after incubation of a 
enzyme and inhibitor for 30 min. before manometric assay & 
in the presence of 0-1 M-NaCl. b> 10 
os ® 
Conen. of physostigmine s 
(O-lummM) ... aoe Be 29 15 9 7:3 g A 
Substrate = 
1 mm-Acetylcholine chloride 31 47 76 72 3 
10 mm-Pheny] acetate 34 45 : 71 = 05 
17 mm-Pheny] propionate 31 46 , 77 = 
67 mm-Triacetin 36 52 70 59 b 
Table 6. Inhibition by paraoxon < 
Percentage activity remaining after incubating the 9 th 1 
enzyme with inhibitor for 30min. before manometric 4 3 2 1 


assay in the presence of 0-1 m-NaCl. 


Substrate 1 mm-Acetyl- 10 mm-Phenyl 


choline chloride acetate 
Conen. of 
paraoxon 
(umn) 
44 20 27 
22 29 44 
11 61 61 
5-5 76 76 
2-7 100 86 


components. High concentrations of acetylcholine 
inhibited the hydrolysis of the other substrates 
(Table 4). Butyrylcholine and benzoylcholine, 
which are hydrolysed only very slowly, inhibited 
the hydrolysis of acetylcholine (Table 4). 
Sensitivity to inhibitors. B. germanica cholin- 
esterase is inhibited by low concentrations of para- 
oxon and physostigmine. The enzyme and inhibitor 
were incubated together for 30 min. in a medium 
containing 0-I1M-sodium chloride and 0-02m- 
sodium bicarbonate. The substrate was then added 
and the residual activity assayed manometrically. 
Physostigmine inhibited the hydrolysis of acety]- 


log conen. of acetylcholine chloride (m) 


Fig. 3. Variation of housefly-head-cholinesterase activity 
with acetylcholine chloride concentration and the effect of 
added sodium chloride: manometric assay. @, NaHCO, 
alone; A, 0-1mM-NaCl. 


choline, phenyl acetate, phenyl propionate and 
triacetin equally (Table 5). 

Paraoxon inhibited the hydrolysis of acetyl- 
choline and phenyl acetate to the same extent 
(Table 6). 

Electrophoresis. In all tests with purified extracts 
of B. germanica cholinesterase only a single diffuse 
band of esterase activity was observed. Under a 
given set of conditions the position of the activity 
was the same irrespective of the substrate used to 
detect it. In all tests movement of activity was 
small and to the anode. At pH 6, with both sodium 
phosphate and sodium succinate buffer, movement 
was lessthan2cm. In phosphate buffer, pH 7-4, en- 
zyme activity was located between the starting point 
and 3 cm. towards the anode. With veronal buffer, 
pH 8-6, esterase activity was detected in a band be- 
tween 1 and 4 cm. from the point of application. 
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Variation of activity with substrate concentration 
for housefly-head cholinesterase 


Assayed under conditions identical with those for 
B. germanica cholinesterase, the effect of acetyl- 
choline concentration on the activity of housefly- 
head cholinesterase differed considerably (Fig. 3). 
Optimum substrate concentrations were observed 
manometrically in the presence of sodium bi- 
carbonate alone as well as with 0-1M-sodium 
chloride present. 


DISCUSSION 


Substances that modify the activity of cholin- 
esterases have been reported in a number of pre- 
parations, including some from insects (Augustins- 
son, 1948; Lord & Potter, 1953; Smallman & Wolfe, 
1954; Wolfe & Smallman, 1956). In the final stage 
of the preparation this kind of substance may be 
considered to be virtually absent because the 
hydrolysis of acetylcholine is proportional to the 
amount of enzyme over a tenfold range. 

No claim can be made that the enzyme is pure, 
but considerable amounts of inactive materials 
were removed in addition to quantities of other 
esterases which do not hydrolyse acetylcholine. 
Heat-inactivation (Table 3) and inhibition by 
physostigmine and paraoxon (Tables 5 and 6) 
suggest that the preparation contains only one 
major esterase component responsible for the 
hydrolysis of triacetin, phenyl acetate and phenyl 
propionate [known to be hydrolysed by cholin- 
esterases (Whittaker, 1951; Mounter & Whittaker, 
1953)] as well as for hydrolysis of choline esters. 
Mixed-substrate studies and electrophoresis on 
starch gel support this conclusion. In Table 1 the 
highest ratio of the hydrolysis rates of acetyl- 
choline/triacetin and acetylcholine/phenyl acetate 
occur at stage 3b, which could be interpreted as 
suggesting that the enzyme is more pure with 
respect to other esterases at this stage than at later 
stages. However, at stage 3b there are considerable 
quantities of salts in the preparation, which affect 
the activity of the enzyme. These salts are absent 
from later stages of the preparation and probably 
account for the apparent decrease of purity in 
terms of esterase activity. 

The effects of salt (potassium chloride, sodium 
chloride, sodium sulphate and magnesium chloride) 
on the relationship between the activity of the 
B. germanica esterase and acetylcholine concentra- 
tion resemble those reported for other cholinester- 
ases and cannot be attributed to a single ion 
(Myers, 1952; Chadwick, Lovell & Egner, 1953; 
Van der Meer, 1953; Wolfe & Smallman, 1956). 
However, inhibition by high (0-33M) concentra- 
tions of magnesium does distinguish the B. ger- 
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manica cholinesterase. Inhibition by high acetyl- 
choline concentrations (Fig. 1) clearly places the 
esterase in the group of cholinesterases usually 
associated with nervous tissues (Augustinsson, 
1957). The other choline esters hydrolysed (Table 2) 
also fit this classification. The butyryl and benzoyl] 
esters of choline (Table 4) are hydrolysed only 
slowly and inhibit the hydrolysis of acetylcholine. 
In this, the enzyme from B. germanica resembles 
erythrocyte cholinesterase (Aldridge, 1950). The 
effects of pH on the activity of B. germanica 
cholinesterase are atypical (see review by Davies & 
Green, 1958), because no pH optimum was ob- 
served with acetylcholine (Fig. 2). Apart from a 
slight fall in activity at pH 10 these results resemble 
those obtained by Bergmann, Rimon & Segal 
(1958) for acetylthiocholine rather than acetyl- 
choline. These workers interpreted their results as 
indicating that the electric-eel cholinesterase forms 
hydrogen bonds with acetylcholine but not the 
thio ester. If this is the true explanation it is 
difficult to explain why the B. germanica enzyme 
shows optimum activity to propionylcholine 
between pH 7 and 8 but not to acetylcholine. The 
effects of pH on the hydrolysis of phenyl acetate 
and phenyl propionate by B. germanica cholin- 
esterase correspond to those reported by Bergman 
et al. (1958). 

Comparison with esterases from other insect 
species is of interest but must be made with care 
because almost without exception crude prepara- 
tions have been used. The cholinesterase from B. 
germanica (Table 2) differs from that in the house- 
fly head, which attacks butyrylcholine at an 
appreciable rate and propionylcholine about as fast 
as acetylcholine (Metcalf, March & Maxon, 1955; 
K. Van Asparen, personal communication). * In 
hydrolysing acetyl-8-methylcholine at a maximum 
rate about as great as for acetylcholine B. germanica 
cholinesterase resembles the enzyme from the bee 
brain rather than those from the housefly (Metcalf 
& March, 1950; Babers & Pratt, 1951; Metcalf et al. 
1955), the melon fly and the oriental and Mediter- 
ranean fruit flies (Roan & Maeda, 1954), which are 
comparatively inactive towards acetyl-f8-methyl- 
choline, or, on the other hand, the enzymes from 
Hydrophilus piceus L. and Periplanata americana 
L., which hydrolyse acetyl-8-methylcholine much 
faster than acetylcholine (Stegwee, 1951). Relative 
to acetylcholine, triacetin is hydrolysed much more 
slowly by the cockroach enzyme than by extracts 
of housefly brain, bee brain or eggs of Bombyx mori 
(Metcalf & March, 1950; Babers & Pratt, 1951; 
Staudenmayer, 1955; Van Asperen, 1958), but 
because these data refer to unpurified preparations 
no accurate comparisons can be made. 

The properties, including the range of esters 
hydrolysed, of B. germanica cholinesterase resemble 
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those from a variety of sources including insects, 
but it is clearly distinguished by the low values of 
the optimum substrate concentrations for choline 
esters (Augustinsson, 1948; Augustinsson, 1949; 
Whittaker, 1953; Smallman & Wolfe, 1954; 
Metcalf e¢ al. 1955; Lundin, 1959). The optimum 
value of 26mm for acetyl-8-methylcholine is 
among the lowest values reported and the values for 
acetyl- and propionyl-choline are at least one- 
tenth of those usually reported for cholinesterases. 
With acetylcholine the fall in activity with de- 
creasing substrate concentration usual for cholin- 
esterases could not be observed. There is no reason 
to suppose that this is an artifact of our manometric 
techniques, because the result was confirmed by the 
electrometric method (Fig. 1). Further, the data 
obtained with housefly heads (Fig. 3) under the 
same conditions of manometric assay as for the 
cockroach enzyme agree closely with those ob- 
tained by other workers (Metcalf & March, 1950; 
Babers & Pratt, 1951; Van Asperen, 1958). 

Most of the properties of the cholinesterase from 
B. germanica are typical of cholinesterases associ- 
ated with nervous tissue and it is likely that the 
enzyme represents a preparation of the cholin- 
esterase that has been demonstrated histochemic- 
ally by F. Molloy (personal communication) in the 
nervous system of B. germanica. The unusual 
properties of the enzyme may represent a species 
difference which is reflected in the relative sus- 
ceptibility of different species to organophosphorus 
insecticides. The very high affinity of the enzyme 
for acetylcholine implies that it would be protected 
from inhibition (by organophosphorus compounds) 
by much lower substrate concentrations than is 
usual. But conditions in vivo may be such that the 
amount of acetylcholine present is not sufficient to 
protect the enzyme, and further investigation of 
the cockroach nervous system may show that the 
unusual properties of the enzyme are necessary for 
it to function adequately in the milieu of the 
nervous tissues. 


SUMMARY 


1. A purified preparation of cholinesterase was 
obtained from Blatella germanica. The overall 
purification was 40-fold and the yield 32%. 

2. The enzyme has a high affinity for acetyl- 
choline and is inhibited by high concentrations of 
this and analogous esters. 

3. Various salts activate the enzyme at high con- 
centrations of acetylcholine and under some circum- 
stances inhibit at low substrate concentrations. 

4. The enzyme hydrolyses phenyl and triglyceryl 
esters as well as choline esters. Esters of acetic 
acid and propionic acid are hydrolysed much more 
rapidly than those of butyric acid. 

5. The enzyme showed optimum activity to 
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acetylcholine and the acetyl and propiony] esters 
of phenol over a wide pH range. 

6. The properties of the enzyme are character. 
istic of the type of cholinesterases frequently 
associated with nervous tissues and are compared 
with those reported for cholinesterases from insect 
and other sources. 


I have to thank Mr S. R. B. Solly for his assistance in 
carrying out some of the experiments described in this 


paper. 
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The Characterization of a New Lipolytic Enzyme 
in Pancreatic Extracts 


By D. A. HALL* 
Department of Medicine, University of Leeds 


(Received 16 May 1960) 


Studies by Sax] (1957a, 1960) and Hall (1958) 
on the production of clearing factor in tissues 
and in plasma, both in vitro and in vivo, have 
demonstrated that the enzyme E, (Hall, 1957) or 
aclosely related component of the elastase complex 
may play a part in the formation of a lipoprotein 
lipase. The properties of this enzyme were therefore 
studied with a view to characterizing it in relation 
to other enzymes of pancreatic origin with this 


type of activity. 


ee 
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Recent studies on the nature of post-heparin 
lipoprotein lipase have demonstrated that the 
production of this enzyme is associated with the 
appearance of variable amounts of other enzymes 
with different esterolytic properties. For instance, 
Levy & Swank (1954) showed that the injection of 
heparin into a dog is followed by the appearance in 
the plasma not only of clearing factor but also by 
an increase in tributyrinase, whereas there is no 
significant increase in this enzyme after a similar 
injection into a human subject (Levy & Swank, 
1955). Similarly, Skorepa & Todorovicova (1958), 
using Olive oil, ethyl butyrate and amy] acetate as 
substrates, found little significant rise in lipase 
activity but a 50 % rise in ali-esterase activity after 
the intravenous administration of heparin. Since 
the present study was completed, Pav & Wenkeova 
(1960) have shown that a comparison of the activity 
of post-heparin plasma on Tween and on a tri- 
glyceride emulsion (Ediol) indicates that in addi- 
tion to ali-esterase, at least two lipases are present 
in post-heparin plasma, one of which can hydro- 
lyse Tween. 

Methods that have been employed for the 
assessment of lipoprotein-lipase activity have 
ranged from the direct measurement of the decrease 
in extinction of lipaemic serum by which it was 
first recognized (Hahn, 1943; Anderson & Fawcett, 
1950) to an estimation of the unesterified fatty 
acids (Shore, Nicholls & Freeman, 1953) or glycerol 
(Korn, 1955) that are released during lipolysis. 
Studies of the kinetics of lipolytic reactions with 
such methods are, however, hampered by the fact 
that the enzyme and the substrate are in separate 
phases. Gomori (1945) first suggested the use of 
Tween compounds (the polyoxyolefin sorbitan 
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esters of long-chain fatty acids) as suitable sub- 
strates for esterases and lipases and this possibility 
was elaborated by Archibald (1946) and Copen- 
haver, Stafford & McShan (1950). Although the 
solubility of the fatty acids is low, they may 
remain in solution at the optimum pH (about 
pH 8) and so affect the course of the reaction. It is 
therefore of interest that Katz (1957) was able to 
develop the turbidimetric method, originally 
devised by Gomori (1949), in which the products of 
the reaction are removed from solution by the 
formation of calcium soaps. By the use of an 
improved version of this technique it has proved 
possible to characterize the component of the 
elastase complex which is concerned in clearing- 
factor production and to differentiate it from pan- 
creatic lipase. 


MATERIALS AND METHODS 


Enzyme preparations. A partially purified preparation of 
pancreatic lipase was obtained from defatted hog-pancreas 
powder (Viobin Corp., Monticello, Ill., U.S.A.) by the 
method of Sarda, Marchis-Mouren, Constantin & Desnuelle 
(1957). This material was freeze-dried and in such a state 
retained its activity indefinitely if stored at.4°. In agree- 
ment with the original authors it was found to be unstable 
in the absence of substrate, especially when incubated ‘in 
solution at 37°. During the preincubation of enzyme solu- 
tions to bring them to the desired temperature before 
mixing with substrate, periods as short as 10 min. were 
sufficient to decrease the activity of the system by 50%. 

The other pancreas extract employed in these studies 
(Hall, 1958 and unpublished work; Saxl, 1960) consisted of 
that fraction of a crude elastase preparation which re- 
mained after the dialysis of an acetate buffer, pH 4-7, 
extract of whole defatted pancreas powder (Hall & Czer- 
kawski, 1959). This acetate extract-soluble material (AES) 
contains a small amount of a substance which has esterase 
activity as measured by its liberation of f-naphthyl 
laurate, but it has been shown (D. A. Hall, unpublished 
work) that this is not the major lipolytic component and 
appears to consist of the lipase mentioned above. 

Protein preparations. Two different types of protein have 
been employed. Whole dried human plasma was used for 
the preliminary experiments and lipoprotein fractions for 
the later series. The latter were prepared from pooled 
normal human plasma by ultracentrifuging by the method 
of Hillyard, Entenman, Feinberg & Chaikoff (1955), and 
the fractions represented a chylomicron-rich component 
and high- and low-density-lipoprotein components. 
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Substrate. In the present study Tween 20 has been used 
throughout. On the basis of its laurate content the mole- 
cular weight was estimated at about 1500. Owing to the 
physical nature of the material, substrate preparations were 
calculated by weight, and the substrate concentration was 
determined from the laurate content of the resulting solu- 
tion, obtained after saponification with 0-1N-sodium 
hydroxide. The amount of laurate liberated showed a 
maximum after saponification for 15 min. This may be due 
to a breakdown of the remainder of the molecule after 
prolonged heating with alkali to produce substances which 
interfere with the subsequent laurate estimation. Hence 
the estimated laurate content of the Tween compound 
(0-6umole/mg.) may be in error. Repetition of the saponi- 
fication, however, gave consistent results and this method 
was standardized for characterization of the substrate. 

Standardization curves were prepared in the presence of 
each batch of substrate from 1 to 8umoles of sodium 
laurate. Over most of this range the relationship was 
linear through the origin and reproducible, and the reaction 
between laurate and calcium appeared to be complete 
within 7 min. (The lag periods reported below cannot 
therefore be due to delays in precipitate formation.) 

In most cases it was found expedient to add the calcium 
chloride to the substrate before the reaction commenced. 
Because the ensuing precipitate of calcium laurate might 
adsorb components of the system or the products of the 
reaction, it was necessary at the outset to determine 
whether this procedure gave results which differed from 
those obtained when the reaction was permitted to pro- 
ceed in the absence of calcium, which was then added at the 
completion of the reaction. The results of 20 estimations 
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carried out by both methods showed no statistically ‘al 
significant difference (P 0-01). = 
18 





Measurement of opacity. To obtain optimum readings of 
extinction Katz (1957) advocated that the reaction mixture } 
should be cooled. This was found to be inadvisable since, 
although the extinction at 37° was 30% less than at 18°, it 
was difficult to determine accurately the exact period of 
incubation if extinctions were read throughout the course 
of a reaction which was interrupted by repeated cooling 
and reheating cycles. 

The extinction was measured on a Unicam model SP. 400 
diffraction-grating spectrophotometer. The wavelength at 
which the extinction was read was raised from 550 mp 
(Katz, 1957) to 662 mp to permit a study of the inhibition 
of the reaction by eserine, since all commercial preparations 
of eserine sulphate examined developed a marked pink 
when incubated either alone or in the presence of the re- 
action mixture at concentrations above 10 mm for periods 
of more than 1 hr. 

Choice of buffer. Fig. 1 shows two series of curves repre- 
senting the time course of the reaction between the pan- 
creatic extract AES and the substrate at increasing periods 
of time after the initial preparation of the substrate. The 
two series represent the results obtained in 0-2M-tris 
(2-amino-2-hydroxymethylpropane-1:3-diol) (Katz, 1957) 
and 0-2mM-ammediol (2-amino-2-methylpropane-1:3-diol) 
buffers. The change in extinction of the untreated sub- 
strate is less with the ammediol solution than with tris 
within a few days of its preparation. Thereafter, however, 
the ammediol substrate tends to deviate from its initial 
state more rapidly. During the first 10 or 15 min. of 
incubation in the presence of tris buffer a decrease in 
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Fig. 1. Time course of the early stages of the reaction between 6 mg. of the pancreatic extract AES and the 
substrate (Tween) (12 mm) at various times after the preparation of the substrate for systems made up in 


(a) ammediol and (b) tris buffers. 


(a) Curves (A)-(F) and (b) curves (A)-(C) are for substrate preparations 


aged 0, 2, 4, 8, 13 and 16 days and 0, 4 and 16 days respectively. 
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Table 1. Effect of age on the response of Tween 20 
dissolved in ammediol and tris buffers to the action 


 mixtens of the enzyme preparation AES 
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Ammediol Tris 
i iets if ee 
Age of Initial Initial 
prep. velocity Lag velocity Lag 
(days) (s#mole/min.) (min.) (ymole/min.) (min.) 
0 0-067 13 0-080 19 
] 0-070 12-5 - 
2 0-085 12-0 0-077 13 
3 0-095 10-2 0-075 1] 
4 0-104 7-5 0-070 10 
5 0-107 5-0 — . 
7 0-105 3-5 0-055 1] 
8 0-105 3-0 0-047 1] 
13 0-100 2-5 0-035 12 
15 0-095 2-0 — — 
16 0-091 2-0 0-025 11 
£02 
e 
g (A) 
SO 
= (8) 
, 1 3 


log ([S] x 103) 


Fig. 2. Effect of substrate concentration [S] on the initial 
velocity of systems in which the enzymes pancreatic lipase 
(A) and AES (B) act on Tween 20. Abscissa values are 
expressed in terms of the logarithm of the initial substrate 
concentration and the ordinates in terms of pmoles of 
lauric acid liberated/min. 


Table 2. Comparison between the lag periods 
induced in the pancreatic lipase and AES systems by 
alterations in the concentration of the substrate 
The substrate in this and subsequent experiments was 
aged between 4 and 10 days before use. 
Lag period (min.) 


— A ee 


Conen. of 


a 
substrate Pancreatic 
(umoles/l].) lipase AES 
0-1 1-0 13-0 
0-2 1-1 8-0 
0-4 -- 5-0 
0-8 1-0 4-0 
1-0 0-8 25 
1-2 — 4-0 
2-0 0-9 3-5 
4-0 0:8 3-5 
8-0 1-4 4:5 
12-0 2-0 7-0 
16-0 2-3 8-5 
20-0 2-6 10-0 
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extinction occurs. This results in a lag period before the 
main course of the reaction supervenes. Although there is 
a similar lag with substrates dissolved in both tris and 
ammediol buffers in the first few days after the preparation 
of the substrate, its length is progressively decreased as the 
substrate ages. Table 1 shows the greater response of the 
ammediol substrate to this age-induced decrease in lag. In 
the second and fourth columns the initial reaction velocity 
of the main reaction is recorded for substrate preparations 
of different ages. Since there is a slight induction period 
before the main reaction commences the ‘initial’ velocity is 
calculated from the slope of the steepest tangent to the 
time curve. The induction period is only one-fifth to one- 
tenth of the lag and one-tenth of the length of the steady- 
state reaction; thus such a value is a close approximation 
to the true initial velocity. To compensate for the use of 
this value instead of the true initial velocity, other para- 
meters taken into account in the kinetic analysis of these 
systems are calculated at this same point of maximum 
velocity, e.g. the substrate concentration at maximum 
velocity replaces the original substrate concentration. The 
intercept on the abscissa of the tangent at maximum slope 
also represents a reasonably accurate assessment of the lag 
period. These values show that the most suitable conditions 
for the estimation of lipolytic activity occur when a sub- 
strate preparation, dissolved in ammediol, has aged for a 
period of between 4 and 10 days. The majority of the values 
recorded below were obtained on substrates prepared in 
this manner. 

Effect of substrate concentration. The curves in Fig. 2 
record the initial velocities of systems containing a 240-fold 
range of substrate concentrations, and Table 2 shows the 
corresponding lag periods, before the main reaction com- 
mences, obtained as described for both AES and pancreatic 
lipase. For the AES fraction there is no further increase in 
velocity above a concentration of 6 mm, and at this con- 
centration, also, the lag period is least. A similar peak in 
the lipase curve occurs at a slightly higher substrate con- 
centration, but there is little lag over the major portion of 
the range. For comparative purposes it is convenient 
therefore to employ substrate concentrations in the region 
of 6 mm because, in view of the shortened lag period, it is 
possible under these conditions to maintain the incubation 
time within reasonable limits. 

Effect of changing enzyme concentration. Both the enzyme 
preparations studied were only partially purified, and to 
obtain changes in extinction that were large compared with 
the errors of the method, it was necessary to use 6 mg. of 
freeze-dried enzyme powder to produce an effect com- 
parable with that of 1 ml. of post-heparin plasma. Varia- 
tions in enzyme concentration produced the effects re- 
corded in Fig. 3. In addition to studies at the optimum 
substrate concentration, experiments were also carried 
out at a raised level of 43 mm to determine whether higher 
enzyme concentrations could reverse the retarding effect of 
such high substrate concentrations. As can be seen, this 
does in fact occur, and, at lower enzyme concentrations, in 
addition to a decreased initial velocity there is an even 
greater lag period. 

Determination of lipase. The method finally devised for 
the estimation of lipolytic activity is as follows: to 1-5 ml. of 
50 mM-ammediol buffer, pH 7-8, was added 0-2 ml. of a 
5% (w/v) solution of Tween 20 in 5 mm-ammediol buffer 


/O 
containing 0:2% (w/v) of calcium chloride. After the 
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addition of a suitable amount of enzyme (also dissolved in 
ammediol buffer) and any other reagents which are re- 
quired, the total volume was made up to 3-5 ml. with con- 
centrated buffer. Incubation was at 37° in loosely stoppered 
25 ml. conical flasks. Readings of opacity were taken at 
10 min. intervals over the first 2 hr., at } hr. intervals for 
the next 3 hr. and a final reading was taken after 20 hr. 
This enables very dilute enzyme solutions to be compared 
under conditions in which, although they are apparently 
inactive after short periods of incubation, appreciable 
amounts of fatty acid are liberated in a 20 hr. period. 


RESULTS 


A number of workers have reported that liver, 
intestinal and serum lipase differ from post- 
heparin lipoprotein lipase of plasma, basing their 
observations on the differing response of the various 
enzymes to inhibitors and activators. Dissimi- 
larities can also be observed between pancreatic 
lipase and the fraction AES in this respect. Many 
of the previously reported findings on the action of 
various inhibitors on lipoprotein lipase appear, 
from lack of evidence to the contrary, to have been 
carried out at single substrate concentrations, thus 
making it difficult to assess in detail the mechanism 
whereby inhibition occurs. A fuller study of the 
reaction between AES and a number of inhibitors 
has therefore been made and, because this is the 
first time that such a study has been made of the 
reaction between pancreatic lipase and a soluble 
substrate, a similar detailed appraisal of the latter 
enzyme has been made for comparison. 
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Fig. 3. Relationship of lag period (@) and initial velocity 
(O) to the concentration of the enzyme AES (mg./ml.), for 
two different substrate concentrations: (A) 6mm; (B) 
43 mM. 
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Table 3. Lag induced in an AES system by various 
concentrations of eserine at two substrate concen- 10 
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Fig. 4. Effect of variations in the concentration of enzyme 
on the inhibition of the system AES-Tween by 10 mx- 
eserine. (A) Response of the system to increased concen- 
trations of AES; (B) comparable curve in the presence of 
10 mm-eserine. 
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Fig. 5. Plot of 1/v for the system pancreatic lipase-Tween | 
(expressed in terms of change in E/min.) against [I] | 
(eserine concentration) from 1 to 10 mM for two concentra- 
tions of substrate: (A) 2mm; (B) 5mm. From the inter- 
section a value of K; of 1-7 1./m-mole may be calculated. 
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Eserine. At concentrations between 1:0 and 
10 mM, eserine has little effect on the initial re- 
action velocity of the AES—Tween reaction. There is, 
however, @ progressive increase in the lag before 
the main reaction commences. This lag is greater 
at lower substrate concentrations (Table 3). In 
view of the relatively large size of the substrate 
molecules it is possible that the reaction between 
AES, Tween and eserine might represent competi- 
tion between the inhibitor and the enzyme for sites 
on the substrate. Fig. 4 shows that there is a 
reversal of the inhibition produced by the addition 
of eserine at enzyme concentrations greater than 
1700 mg./l. In contrast with AES, over the same 
range of concentrations, eserine inhibits the action 
of pancreatic lipase in a competitive fashion 
(Fig. 5). A plot of the reciprocal of the initial 
velocity against inhibitor concentration at two 
different substrate concentrations in the region of 
optimum response to substrate shows the typical 
linear relationship of competitive inhibition with 
a point of intersection on the left of the ordinate 
and a value for K; of 1-7 1./m-mole. 








10* [1] 


Fig. 6. Effect of Cetavlon on the activity of pancreatic 
lipase. Rate of the uninhibited reaction (vp) is plotted as a 
fraction of that of the inhibited reaction (v) at each con- 
centration. Curves refer to various substrate concentra- 
tions (mm): (A) 1; (B) 2; (C) 3-5; (D) 5. 
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Cetavlon. For this inhibitor also there is a 


marked difference between the response of the two 
enzyme preparations. With AES there is an increase 
only in the lag period, whereas a true decrease of 
the rate of reaction occurs with pancreatic lipase. 
The kinetic analysis of this system is, however, not 
as simple as for one undergoing inhibition by eserine. 
At low inhibitor concentrations the inhibition 
appears to be competitive, but there is considerable 
deviation from linearity in plots of v/v) against 
[I] above an inhibitor concentration of 0-3 mm. 
This is especially true at a substrate concentration 
of 6mM, at which the enzyme shows optimum 
activity (Fig. 6). 

Heparin. The reaction between either of the two 
enzymes and heparin appears to be even more 
complex. Its activity on pancreatic lipase is 
similar in some respects to the effect of Cetavlon in 
that there is little response at substrate concentra- 
tions well away from that at which optimum 
activity occurs in the absence of inhibitor (Fig. 7). 
At intermediate substrate concentrations, how- 
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Fig. 7. Effect of heparin on the activity of pancreatic 
lipase, expressed as in Fig. 6. Conen. of Tween (mm): 


(A) 1; (B) 2; (C) 5. 


Table 4. Effect of heparin on the time course of the AES system, showing the 


slight inhibitory effect at high heparin concentrations 








Conen. of heparin (yg./1.) 
Period of 0 170 340 510 680 850 
incubation Lauric acid liberated (m-moles/l. of reaction mixture) 
(min.) a= - - - ; — —_——— . 
20 0-28 0-02 0-04 0-20 0-10 0-10 
30 0-30 0-04 0-19 0-48 0-14 0-10 
50 0-74 0-62 0-65 0-78 0-20 0-18 
60 1-40 1-14 1-14 1-56 1:17 1-15 
75 1-98 1-62 1-68 2-04 1-54 1-54 
90 2-39 2-22 2-26 2-80 2-24 2-10 
105 2-50 2-48 2-62 2-90 2-40 2-20 
120 2-80 2-94 3-30 2-80 2-40 
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ever, at inhibitor concentrations above 170 yg./L., 
there is a marked inhibition. 

On the other hand, heparin may act as an acti- 
vator of AES. Table 4 shows the effect of the addi- 
tion of increasing concentrations of heparin on the 
time course of the reaction between AES and 








0-15 


E 010 





0 100 
Time (min.) 


Fig. 8. Effect of increasing concentration of plasma protein 
on the activity of the system AES-Tween. Curves (A), 
{B) and (C) refer to systems to which 0, 1 and 2 mg. of 
whole dried human plasma/ml. respectively were added. 
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Fig. 9. Preincubation of Tween with plasma protein and 


its effect on the activity of systems consisting of AES and 
Tween. Curves (B), (C), (D) and (£) represent systems in 
which the substrate was incubated for 0, 2, 4 and 5 hr. 
respectively, at 37°, with 1 mg. of whole human plasma 
protein/ml. For comparison, curve (A) is for a system 
without added plasma protein. 
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Tween. After an initial drop there is a progressive 
increase in activity up to a heparin concentration of 
510 pg./l., although above this level the activity 
decreases again. 

Ionic strength. All the foregoing reactions were 
carried out in buffer of ionic strength (J) 0-05, 
Decrease of J to 0-01 induced a 25% increase in 
activity, whereas its increase to 0-2 caused a fall in 
activity of a typical AES preparation to 33% of 
its original value. Higher concentrations were 
even more effective. 

Serum proteins. The addition of serum proteins to 
systems containing AES results in the introduction 
of an enhanced lag period (Fig. 8). This lag is, 
however, followed by rapid lipolysis at a rate 
commensurate with, or greater than, the original 
initial rate of the system without added protein. 
The point at which rapid lipolysis ceases is not 
attained as quickly, with the result that the two 
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Fig. 10. Enhanced lag period (curve .4) followed by in- 


creased activity of 6 mg. of AES in the presence of 0-14 mg. 
of a lipoprotein fraction/ml.; this fraction was obtained by 
ultracentrifuging (at 30 000g) human plasma, which was 
layered over a medium of density 1-063 and contained 
mainly those lipoprotein molecules with flotation con- 
stants of S, 0-20. Curve (B) is a control run without added 
protein. 
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curves cross one another and, after 180 min., 
notwithstanding the longer period of lag, more 
acid is liberated in the system containing serum 
protein than in the one containing enzyme alone. 
If the substrate is preincubated at 37° with the 
serum protein, the lag is progressively decreased, 
although at any one protein concentration there is 
no increase in the rate of reaction. No decrease is 
observed after incubation in the absence of protein. 
Here, as elsewhere in these studies, the rate is 
taken as the maximum immediately after the 
cessation of the lag (Fig. 9). The component of the 
serum which is responsible for this diminution of 
the lag has not yet been identified, but preliminary 
observations on the activating function of f-lipo- 
protein (S, 0-20) appear to point to the implication 
of a component of this fraction of the total protein 
(Fig. 10). Here again there is a lag followed by a 
rapid period of lipolysis, causing the two curves to 
cross after a certain proportion of the reaction has 
been completed. Chylomicra and low-density B- 
lipoproteins were without similar activity. 


DISCUSSION 


The concept that a member of the elastase group 
of enzymes has lipolytic activity is by no means 
new. Lansing, Rosenthal, Alex & Dempsey (1952) 
first reported the liberation of droplets having an 
affinity for Sudan dyes during elastolysis, and on 
the basis of this suggested that elastase was a 
lipase. The lipoprotein nature of elastin was re- 
affirmed by Sacks (1954) and by Labella (1957), 
the latter again stressing the lipolytic nature of 
elastase. Saxl (1957a) showed that fractions of 
elastase preparations which were rich in the com- 
ponent E, had the power, in the presence of acid 
polysaccharide and serum protein, of causing the 
hydrolytic disruption of lipid in elastic tissue, and 
Hall (1958) demonstrated that such mixtures 
formed systems which were similar in properties to 
the post-heparin clearing factor of plasma. Studies 
in vivo have also been made but with very widely 
differing results. Lansing (1954, 1959) and 
Butturini, Langer & Giro (1959) claim that elastase 
is capable of preventing the formation of atheroma 
in animals which have been given a cholesterol- 
rich diet, whereas Tennent, Zanetti, Ott, Kwon & 
Siegel (1956) report completely negative results for 
pure elastase. Saxl (1960) and D. A. Hall (un- 
published work), on the other hand, have observed 
that AES, which is virtually devoid of elastase 
while containing appreciable amounts of E,, is 
capable of bringing about such a preventative 
action. Since little is known about the purity of 
the elastase preparations used by Lansing and by 
Butturini et al., the difference between the results 
obtained by these various groups of workers may 
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be due to different concentrations of E, in the 
enzyme preparations which they employed. Saxl 
and Hall’s studies in vivo indicated that it was 
desirable to determine by some independent 
means whether this could be differentiated from the 
lipase normally associated with pancreatic ex- 
tracts. 

Tween acts as a substrate for both systems. With 
the lipase, the effect of increasing the substrate 
concentration above the value of 6mm at which 
optimum initial velocity occurs does not affect the 
onset of the reaction. With AES, however, there is 
a considerable increase in the lag period which 
precedes the reaction. Thus the conditions for the 
use of Tween as a substrate which are described 
above would appear to be more suitable than those 
suggested by Katz (1957) and even more so than 
those entailing the use of very high Tween concen- 
trations such as were suggested by earlier workers 
(Archibald, 1946; Copenhaver, Stafford & McShan, 
1950). Katz recorded a lag period of similar 
magnitude for post-heparin lipoprotein lipase 
without comment. 

The lag is prolonged in those systems with 
relatively lower concentrations of AES, and it may 
be assumed that this delay in the commencement 
of the reaction is caused by the setting up of an 
equilibrium between the enzyme and the active and 
inactive sites on the substrate molecule. Complexes 
formed at the latter sites would decrease the 
effective concentration of the enzyme and result in 
the prevention of reaction until a sufficient number 
of enzyme molecules become adsorbed on to active 
centres. 

The shapes of the curves in Fig. 2 indicate that 
both enzyme systems are inhibited by the sub- 
strate and this is borne out by the Lineweaver— 
Burk plots for these data as presented in Fig. 11. 
In these, good linearity is apparent in those por- 
tions of the curves which correspond to low concen- 
trations of substrate. The concentration at which 
deviation from linearity occurs differs in the upper 
two curves, which refer to AES at two different 
enzyme concentrations, from that shown in the 
lower one, which is for pancreatic lipase. Laidler & 
Hoare (1949) have shown that such inhibition by 
substrate can be expressed by equation 1. 

1 1 . K,+K; > K,K, 

v K,K{E)[S] K,K{[E], K,K{[E], 
v, [LE], and [S] refer to velocity, enzyme concentra- 
tion and substrate concentrations respectively and 
the constants are: K,, equilibrium between enzyme 
and active enzyme-substrate complex; K;,, equili- 
brium between enzyme and inactive enzyme-—sub- 
strate complex; K;, equilibrium between active 
enzyme-substrate complex and inactive enzyme— 
substrate complex containing two substrate mole- 
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cules, cf. Laidler & Hoare (1949); K,, the overall 
reaction. From equation 1, the substrate concen- 
tration at which the reciprocal of the initial velocity 
is @ minimum can be determined by differentiation. 


d(1/v) 1 K,Ki 


De ee ee 
a(1/[S]) ~ K,K{B) 2K,K {Ey 

By equating [d(1/v)/d(1/[S])] to zero it can be 
shown that the value of [S] at the minimum is 


independent of enzyme concentration, being 
expressed by equation 3. 
2 
[S] = /——. (3) 
: KK, 


This deduction can be verified from the curves in 
Fig. 11. In the upper ones, which demonstrate the 
effect of different concentrations of AES, there is 
no difference in the position of the minimum with 
respect to values of 1/[S], although the slopes of the 
linear portions, which are dependent on elastase 
concentration, vary. The fact that the minima for 
the AES curves differ from that for the pancreatic 
lipase indicates that the two enzymes are different, 
since the value of [S] at this point is dependent 
solely on constants which are characteristic of the 
enzyme concerned (cf. equation 3). 

The differences between the response of the two 
enzymes to the various inhibitors present even 
more concrete evidence in favour of the separate 
existence of two enzymes in pancreas, each capable 
of bringing about the hydrolysis of the ester 
linkages of Tween. In general the observations on 
pancreatic lipase confirm those obtained by other 
workers with other substrates. However, this is 
not true of the effect of heparin at higher concen- 





1/v (sec./ umole) 








0 > 10 15 
1/[S] (ml./m-mole) 
Fig. 11. A plot of 1/v (sec./umole) against 1/[S] (ml./ 
m-mole): (A) AES (2 mg./ml.); (B) AES (0-5 mg./ml.); 
(C) lipase (0-5 mg./ml.). 
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trations, especially at those enzyme-substrate 
ratios which are associated with optimum activity. 

The factor of greatest interest, however, is the 
effect of the various inhibitors on the lag which is 
apparent in the system AES—Tween. 

It appears most likely that those inhibitors 
which prolong the lag period with the enzyme AES 
may do so by attaching themselves to the enzyme 
and thus decreasing the effective concentration of 
the enzyme rather than by competing with the 
substrate for sites on the enzyme. On the other 
hand, proteins, which, after incubation with the 
substrate, diminish the lag period may do so by 
attaching themselves to these inactive sites on the 
substrate, which by adsorbing the enzyme tem- 
porarily decreases its effective concentration. 
Higher concentrations of protein, however, also 
affect the initial velocity of the reaction and thus 
demonstrate a similar effect to that of lipoprotein 
added to systems containing post-heparin or 
tissue-lipoprotein lipase (Korn, 1958) and _ tri- 
glyceride emulsions. 

The differential effect of various heparin concen- 
trations is also indicative of the similarity between 
the active component of AES and _ lipoprotein 
lipase. Korn (1957) has suggested that heparin may 
constitute an essential component of the lipo- 
protein-lipase system and inhibition by high con- 
centrations of heparin may be due to competition 
for specific sites on the lipoprotein molecule 
between free heparin and that which is bound to 
the enzyme. Under conditions in which the con- 
centrations of heparin and AES are such that all 
the sites on the enzyme molecule are not occupied, 
increasing concentrations of heparin will result in 
the formation of linkages between the enzyme and 
the lipoprotein and hence will result in greater 
activity. At higher heparin concentrations, how- 
ever, above the threshold value at which all the 
sites in the enzyme are occupied by heparin, further 
increases will result in inhibition, owing to the 
presence of repulsive forces between heparin mole- 
cules bound to enzyme and substrate. 

The non-specificity of Tween as substrate for 
lipoprotein lipase prevents any deductions about the 
possible identity of the active factor in AES with 
post-heparin lipoprotein lipase on the basis of these 
observations alone. When taken in conjunction 
with the results of an examination of the clearing- 
factor activity of AES (Hall, 1958 and unpublished 
work) more definite hypotheses can be formed. It 
is demonstrated that the E, component of AES 
together with a limited concentration of acid poly- 
saccharide and plasma £-globulin can act in exactly 
the same fashion as post-heparin lipoprotein 
lipase on lipaemic plasma and on artificial tri- 
glyceride substrates with the liberation of unesteri- 
fied fatty acids. 
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The possible lipoprotein-lipase activity of AES 
and the inhibitory effect of heparin may afford one 
explanation of the apparently paradoxical situation 
that a preparation (AES) which has been shown 
(Hall & Czerkawski, 1959) to contain the enzyme 
E, as its major active component appears to have 
lipase activity when tested against fatty acid esters 
in the presence of protein and polysaccharide, 
whereas in the presence of the proteolytic enzyme 
elastase it releases polysaccharide from elastic 
tissue and therefore appears to have mucase 
activity (Hall, 1957; Saxl, 19575). 

Saxl (1960) has shown by the electron optical 
examination of elastic tissue that it contains lipo- 
protein. Yu & Blumenthal (1958) have also shown 
that acid polysaccharide can be made to attach 
itself to elastic tissue, and it is not unlikely in 
view of the suggestions made above that it may be 
through the lipoprotein component of elastin that 
such an attachment is made. The degradation of 
such lipid would then result in the release of poly- 
saccharide into solution. 


SUMMARY 


1. By an adaptation of the method of Katz 
(1957) for the measurement of esterolytic activity 
with Tween as substrate, the active component of 
soluble material from an acetate extract of pan- 
creas (AES) and normal pancreatic lipase are 
compared. 

2. Whereas eserine between concentrations of 
1 and 10mm acts as a competitive inhibitor of 
pancreatic lipase, it is without effect on the rate of 
reaction of preparation AES with Tween. It does, 
however, increase the lag period before the reaction 
commences. 

3. Comparable differences between the two 
enzymes can be observed after inhibition studies 
with Cetavlon and heparin. 

4. Similarities can be shown to exist between 
preparation AES and lipoprotein lipase in their 
reaction with heparin, high concentrations of salt 
and certain serum-protein fractions. 

5. The suggestion is made that the release of 
polysaccharide, which is associated with the inter- 
action between preparation AES and elastic tissue 
in the presence of elastase, may be due to the 


‘degradation of a lipid moiety of elastin with which 


the polysaccharide is associated. 


The author wishes to thank Miss H. Saxl and Dr J. W. 
Czerkawski for helpful discussion, Miss B. Olsburgh for 
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technical assistance and Dr G. C. Wood for the preparation 
of the lipoprotein fraction. 
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Ribonuclease Activity in the Rat Mammary Gland during Pregnancy, 
Lactation and Mammary Involution 


By T. F. SLATER* 
Department of Biochemistry, University College London, Gower Street, London, W.C. 1 


(Received 5 July 1960) 


The rat mammary gland has a high content of 
ribonucleic acid during late pregnancy when the 
gland is functionally inactive (Greenbaum & 
Slater, 19576). Slater (1956) suggested that this 
high level of ribonucleic acid might result from a 
very low activity of nucleic acid-degrading enzymes 
(ribonucleases) during late pregnancy. Rat mam- 
mary gland contains high concentrations of heavy- 
metal ions, e.g. copper and zinc, which inhibit 
crystalline pancreatic ribonuclease in low concen- 
tration (cf. McDonald, 1955). The activity of ribo- 
nucleases in the rat mammary gland over the 
lactation cycle was therefore investigated. Further, 
since a correlation has been reported for the con- 
centration of ribonucleic acid and the activity of 
ribonucleases in normal and malignant tissues 
(Ledoux, Piler, Vanderhaeghe & Brindli, 1957), 
it was decided to investigate the changes in 
ribonuclease activity in the rat mammary gland in 
relation to the very abrupt increase in ribonucleic 
acid concentration which occurs during lactation 
(Greenbaum & Slater, 19576; Slater & Planterose, 
1958). 

METHODS 


Animals. Adult, female, black and white rats of the 
Medical Research Council strain were used in this investi- 
gation. The animals weighed approximately 200g. For 
the lactating groups only animals with litters of 6-10 pups 
were used. For the late-pregnancy group, animals were 
selected whose appearance indicated a proximity to 
parturition; the length of the pregnancy was assessed more 
accurately by examination of the foetuses after they were 
killed. These examinations indicated that of the six 
animals used in this group one was at the eighteenth day of 
pregnancy, four were on the nineteenth day and one on the 
twentieth day of pregnancy. For the involuting group, 
pups were removed from the mothers at the 22nd day of 
lactation. For determinations on. mammary gland from 
virgin animals, the glands from groups of three rats were 
pooled for each sample. 

Animals were killed by cervical dislocation and the 
abdominal and upper inguinal mammary glands were 
quickly dissected and placed into ice-cold water. Tissue 
suspensions (1:10 in water) were prepared by using a high- 
speed top-drive Waring Blendor (as described by Folley & 
Watson, 1948); two periods of 1 min. were used for blending 
at top speed, after which the suspension was strained 
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through muslin to remove intractible connective tissue. 
All chemical estimations and enzyme assays were carried 
out on such strained suspensions. 

Protein. Protein was determined by the colorimetric 
method of Lowry, Rosebrough, Farr & Randall (1951); 
standards of ox-plasma albumin were used on each 
occasion. 

Nucleic acid. Deoxyribonucleic acid (DNA) and ribo- 
nucleic acid (RNA) were determined as reported by 
Greenbaum & Slater (19576); results are expressed in 
terms of nucleic acid phosphorus (DNA-P and RNA-P 
respectively). 

Lactose. Lactose was determined by the orcinol pro- 
cedure (Slater, 1957). 

Ribonucleases. Acid and alkaline ribonuclease were 
assayed at pH 5-8 and 8-0 respectively. RNA substrate was 
puritied from a commercial sample of yeast nucleic acid by 
dissolving in dilute alkali followed by precipitation with 
acetic acid; the precipitate was dried with ethanol and 
ether essentially as described by Woodward (1944). The 
assay system was as follows: 0-1-0-5 ml. of enzyme was 
incubated at 37° for 1 min. with 0-2 ml. of 1% (v/v) Triton 
X-100, after which 1 ml. of RNA in buffered solution was 
added. The reaction was stopped 10 min. later by adding 
2 ml. of 0-2% uranyl acetate in 10% perchloric acid. The 
tubes were then kept overnight at — 20°, thawed, diluted 
to 20 or 40 ml. (according to activity) with 0-001% Triton 
X-100 and filtered through Whatman no. 42 paper. Eo¢9 m, 
of the filtrate was then measured and compared with that 
of a blank obtained by adding tissue after the addition of 
the uranyl acetate—perchloric acid mixture. All values are 
based on measurements with two different amounts of 
tissue extract. The assay conditions reported below refer to 
mammary suspensions obtained from animals in late 
lactation; no differences in behaviour were noted when the 
influences of incubation time, concentration of tissue, 
addition of Triton X-100 and addition of ethylenediamine- 
tetra-acetate (EDTA) were investigated with mammary 
suspensions obtained from pregnant animals. 

The effect of pH on ribonuclease activity was investi- 
gated by using veronal-acetate buffers at the same mol- 
arity. Two pH optima were found for the ribonuclease 
activity in mammary-gland suspensions, one at pH 5-8 and 
the other at pH 8-0. This result is similar to the results of 
Roth (1954) and of de Lamirande, Allard, da Costa & Cantero 
(1954) for rat-liver ribonuclease. During the preliminary 
investigation of enzyme activity and the effect on it of 
various additives such as metal ions and heparin, veronal 
buffer was used for assaying alkaline ribonuclease at 
pH 8-0 and acetate buffer was used for the acid ribonuclease 
at pH 5-8. For the major experiments (i.e. the variation in 
enzyme activity over the lactation cycle, Tables 2 and 3), 
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2-amino-2-hydroxymethylpropane-1:3-diol (tris, recrystal- 
lized from water, 0-1M, pH 8-0) and phosphate (NaH,PO,— 
Na,HPO,, 0-1m, pH 5-8) buffers were used in place of 
veronal buffer and acetate buffer respectively. As re- 
ported by Roth (1957) phosphate buffer gave very similar 
activities to those obtained with acetate buffer and tris 
buffer gave similar results to veronal buffer. 

The influence of the concentration of RNA in the incuba- 
tion mixture was investigated with a constant amount of 
tissue; at pH 5-8 the extinction at 260 my increased with 
the amount of RNA present up to a plateau level of 2 mg./ 
ml. in the incubation mixture. At pH 8-0 the plateau level 
was reached only when approximately 10 mg. of RNA/ml. 
was present. These results are similar to the findings of 
de Lamirande et al. (1954) for rat-liver ribonucleases. For 
routine estimations 4 mg. of RNA was dissolved per ml. of 
phosphate buffer, pH 5-8, and 10 mg. of RNA was dissolved 
per ml. of tris buffer, pH 8-0. With optimum levels of 
ribonucleic acid substrate, Ego ,,,, increased linearly with 
time of incubation up to 30min. in the presence of 
mammary-gland suspensions at both pH 5-8 and 8-0. With 
a 10 min. incubation at 37°, L269 1, increased proportion- 
ately with the amount of tissue added (0-50 mg. wet wt. of 
mammary tissue). 

The addition of Mg*+ or Cu*+ ions to the incubation 
medium inhibited the enzyme reaction at both pH 5-8 and 
8-0(Fig. 1). Heparin inhibited as described by de Lamirande 
et al. (1954) for rat-liver ribonucleases. EDTA had little 
effect on mammary-homogenate activity over a range of 
concentrations (0-005-0-015Mm). This would indicate that 
the total enzyme activities, as measured in this investiga- 
tion, are not substantially inhibited by metal ions contri- 
buted either by the tissue or the incubating medium. The 
activity of mammary suspensions prepared in 0-25M- 
sucrose with a homogenizer of the type described by 
Emanuel & Chaikoff (1957) was greatly increased by freez- 
ing and thawing the homogenate, by high-speed blending, 
or by the addition of Triton X-100 (cf. Wattiaux & de 
Duve, 1956). These increases were approximately threefold 
at pH 5-8, and approximately sixfold at pH 8-0. 

Unit of ribonuclease activity. The activity of acid (and 
alkaline) ribonuclease in the reaction mixture is defined as 
the increase in Eyg9 m,, per min. of incubation time multi- 
plied by the total volume before filtering. 


RESULTS 


Table 1 gives the gland weights, lactose and re- 
tained fluid contents of the mammary suspensions 


used in this investigation. Table 1 also includes 
the DNA-P, RNA-P and protein contents, which 
were similar to those of previous investigations 
(Greenbaum & Slater, 19576; Slater & Planterose, 
1958). The values for the percentage of retained 
fluid during late pregnancy (Table 1, column 6) are 
much less than previous figures (Folley & Green- 
baum, 1947; Greenbaum & Slater, 1957a) because 
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Fig. 1. Inhibitory effect of Cu?+ and Mg** ions on acid and 
alkaline ribonuclease in rat mammary tissue. The ordinates 
express the activity of the enzyme in terms of arbitrary 
units; the abscissae represent the final concentration of‘ 
metal ion added. O, Results for Cu?+ ions; @, results for 
Mg?** ions. Enzymes were assayed at pH 8-0 in veronal 
buffer (A) and at pH 5-8 in acetate buffer (B). Incubations 
were for 20 min. at 37° with 30 mg. (wet wt.) of mammary 
tissue taken from an animal in late lactation; the incuba- 
tion mixture contained 0-2 ml. of 1% Triton X-100. Other 
details are in the Methods section. 





Table 1. Concentrations of protein, lactose and nucleic acids in rat mammary-gland tissue 
at six stages during pregnancy, lactation and mammary involution 


Mean values are given+s.E.M. The percentages of retained fluid were calculated by using lactose contents for 
retained fluid of 1-6 g./100 g. of retained fluid in late pregnancy and 2-55 g./100 g. of retained fluid in lactation 


and early involution. 


Gland Protein 
No. of wt. (g./100 g. 
Status animals (g.) of gland) 
Virgin 6 1-5 2-6 
Late pregnancy 6 3°1+0-2 8-3+0°6 
Early lactation 6 3-9-+0°3 10:2+0°6 
Late lactation 6 5-7+0°4 14-9+1-1 
2-Day involution 6 5-740°7 9-8+1-7 
4-Day involution 2 3-0 9-6 








Lactose Retained DNA-P RNA-P 
(g./100 g. fluid (mg./100 g. (mg./100 g. 
of gland) (%) of gland) of gland) 

0-12 — 2-5 1:33 
0-16+0-01 10+1-0 10-3+40-8 14-7+0-9 
0-93 +0-08 3643-3 14-2+41-2 24-7+1-4 
1-16+0-06 4542-5 18-3+41-8 65-2 44-2 
0-91+0-04 3645-6 11-7+1-4 10-6+41-0 
0-33 13 11-8 9-4 
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the chloramine-r procedure which was used 
previously for lactose estimations is now known to 
give values for the lactose content of mammary 
suspensions which are too high; the orcinol pro- 
cedure used here is more accurate (Slater, 1961). 

Table 2 shows the activity of acid ribonuclease at 
the various stages of the lactation cycle studied. 
Table 2 also shows the variation in the ratio of the 
activity of acid ribonuclease to DNA-P, to RNA-P 
and to total protein. 

Table 3 shows similar results for alkaline ribo- 
nuclease, arbitrary activity for this enzyme being 
defined in the same manner as for acid ribonuclease. 

It can be that both enzymes 
approximately threefold during pregnancy ; there is 
a sharp rise in activity during the 5 days over 
parturition, followed by a small rise during lacta- 
tion. Acid ribonuclease decreases slowly in 
mammary involution; the alkaline enzyme de- 
creases much more rapidly. 


seen increase 


DISCUSSION 


The assays for the acid and alkaline ribonucleases 
were designed to measure total ribonuclease 
activities in mammary-gland suspensions. The 
activities of suspensions prepared in 0-25 M-sucrose 
are greatly stimulated by either freezing and thaw- 
ing or by adding Triton X-100 (Greenbaum, 
Slater & Wang, 1960). Similar activation studies 
with enzymes like f-glucuronidase and cathepsin 


Table 2. 
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(Greenbaum et al. 1960) have suggested that these 
enzymes are localized within particles similar to 
the lysosomes of liver (cf. Appelmans, Wattiaux 
& de Duve, 1955), and that breakage of the par. 
ticles is necessary before the full activity of the 
enzyme can be realized (Wattiaux & de Duve, 
1956). This investigation has therefore been con- 
cerned solely with the total activity of ribonucleases 
at two values of pH, 5-8 and 8-0; full activation was 
obtained by preparing the suspensions by high- 
speed blending in water and by adding Triton 
X-100 to the incubation medium. 

The ribonuclease enzymes from rat mammary 
tissue show similarities to those of previous reports 
for many other tissues. Variation of the pH of the 
incubation mixture indicated the presence of an 
acid and an alkaline enzyme; pH optima were at 
pH 5:8 and 8-0. The activity was greatest at 
pH 8-0 so that in this respect the mammary tissue 
resembles kidney rather than liver (Roth, 1954). 
The addition of low concentrations of both copper 
and magnesium ions produced severe inhibition of 
both enzymes (Fig. 1); the inhibition is greatest for 
the alkaline enzyme. Although Roth (1954) 
reported inhibition of liver ribonuclease by 
magnesium, de Lamirande et al. (1954) reported an 
activation of acid ribonuclease and a slight inhibi- 
tion of alkaline ribonuclease by a final concentra- 
tion of 3 mm-Mg?+. 

Tables 2 and 3 show that both acid and alkaline 
ribonucleases have a similar pattern of change 


Variation in the activity of acid ribonuclease in suspensions of rat mammary-gland tissue 


at various stages of the lactation cycle 


The units of activity are defined in the Methods section. Values given are means+S8.E.M. 


No. of Units/100 mg. 
Status animals wet wt. of tissue 

Virgin 6* 0-075 
Late pregnancy 6 0-237 +0-021 
Early lactation 6 0-489 +. 0-051 
Late lactation 6 0-551+0-018 
2-Day involution 6 0-418 +0-053 
4-Day involution 2 0-472 

* A 


10° x Units/mg. 10° x Units/mg. 10° x Units/g. 


of DNA-P of RNA-P of protein 
28-8 54-2 27:3 

23-6 + 2-2 16-5+1°8 29-7+4-1 
31-242-7 19-6+1-6 49-2+6-0 
31-:9+3-2 8-6+0°6 40-0+2°8 
35:3+42°3 39-7141 52-6441 
39-7 51-8 49-2 


nalyses of two pooled samples; three animals were used per sample. 


Table 3. Variation in the activity of alkaline ribonuclease in suspensions of rat mammary-gland 


tissue at various stages of the lactation cycle 


The units of activity are defined in the Methods section. Values given are means+S.E.M. 


No. of Units/100 mg. 
Status animals wet wt. of tissue 

Virgin 6* 0-22 

Late pregnancy 6 0-60 +0-06 
Early lactation 6 1-31+0-20 
Late lactation 6 1-43 +0-09 
2-Day involution 6 0-41 +.0-02 
4-Day involution 2 0-47 


10° x Units/mg. 10° x Units/mg. 10° x Units/g. 


of DNA-P of RNA-P of protein 

101-4 190-1 98-0 
60-3486 41-5444 76-6+11-7 
76-5+9-2 52-5+6-5 133-0 + 25-4 
84-:7+13-1 22-7+2-4 102-6 + 13-7 
37-5451 40-2+43-2 58-9+ 16-1 
39:8 49-7 48-6 


* Analyses of two pooled samples; three animals were used per sample. 
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during pregnancy and lactation. The changes 
occurring in involution are particularly interesting. 
Acid ribonuclease shows only a small decrease 
during the first 4 days of mammary involution, 
whereas alkaline ribonuclease has decreased 
approximately threefold during this period. Even 
this threefold decrease is less than the precipitous 
drop in enzyme activity found to occur in early 
mammary involution for mitochondrial enzymes 
(Greenbaum & Greenwood, 1956; Greenbaum & 
Slater, 1957c) and for soluble enzymes (Glock & 
McLean, 1958). On the other hand, two enzymes 
which appear to be associated with lysosome-like 
particles in mammary tissue, B-glucuronidase and 
cathepsin, both increase during early mammary 
involution (Greenbaum & Greenwood, 1956). Thus 
if acid ribonuclease is localized in similar particles 
to B-glucuronidase and cathepsin (cf. Greenbaum 
et al. 1960) either independent variations in the 
individual enzymic activities can occur or there are 
several classes of lysosome-like particles with 
various enzymic constitutions (Conchie & Levvy, 
1960; Beaufay & de Duve, 1959). Alkaline ribo- 
nuclease would seem by its behaviour to resemble 
more closely the mitochondrial enzymes which 
show a rapid decrease in activity over the period of 
early involution. 

The variation in the ratio of enzyme activity to 
RNA-P is also of interest. Tables 3 and 4, column 5, 
show that the ratio is high in virgin animals, falls 
to a low level in late lactation and rises again in 
mammary involution; there is a slight rise in the 
ratio over parturition which indicates that ribo- 
nuclease increases rather more rapidly than 
RNA-P at this time. However, despite these varia- 
tions in the ratios, there is an approximate relation- 
ship between enzyme activity and RNA-P content: 
as the enzyme activities increase so does the RNA-P 
content. The relationship is similar to several 
previous reports concerning a correlation between 
acid ribonuclease and RNA content in various rat 
and mouse tissues (Ledoux et al. 1957; Ledoux, 
Brindli & De Paepe, 1958) and in placental 
development (Brody, 1957). 

The ratio of enzyme activity to DNA-P (Tables 2 
and 3, column 4) shows further differences between 
the behaviour of the two ribonucleases over the 
lactation cycle. There is appreciable variation 
between the ratio of alkaline ribonuclease to 
DNA-P in the virgin state and in the late lactation 
period, whereas the same ratio for acid ribonuclease 
shows a smaller variation. Indeed for acid ribo- 
nuclease there appears to be an approximately 
constant amount of enzyme per cell at the various 
stages of the lactation cycle studied; this pattern is 
very different from that given by many other 
enzymes so far studied over the lactation cycle 
where the activity per cell usually shows a dramatic 
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increase from late pregnancy to late lactation 
(Greenbaum & Slater, 1957c; Glock & McLean, 
1958; Slater & Planterose, 1960). It is difficult to 
understand the significance of this finding, but 
perhaps the solution lies in the fact that only total 
enzyme activities have been considered in this 
paper. It may be that the ratio of free to bound 
ribonuclease (cf. de Duve, Pressman, Gianetto, 
Wattiaux & Appelmans, 1955) varies greatly over 
the lactation cycle so that the amount of available 
ribonuclease (i.e. free enzyme) is not directly re- 
lated to the total activity as measured in this 
paper. 
SUMMARY 


1. The enzymic breakdown of ribonucleic acid 
by suspensions of rat mammary gland has been 
investigated. The variation in enzyme activity with 
pH indicated the presence of an acid (pH optimum 
5-8) and an alkaline (pH optimum 8-0) enzyme. 

2. The activities of both acid and alkaline 
ribonucleases have been studied at six stages in the 
lactation cycle: in the virgin animal, in late 
pregnancy, in early and in late lactation, and at 2 
and 4 days of involution. 

3. Both acid and alkaline ribonucleases in- 
creased during pregnancy, over parturition and 
during lactation. The acid ribonuclease decreased 
only slightly in early involution; alkaline ribo- 
nuclease decreased approximately threefold by the 
fourth day of mammary involution. 


The advice and encouragement of Dr A. L. Greenbaum 
is gratefully acknowledged. This work was done during the 
tenure of a Beit Memorial Fellowship. 
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Some Observations on the Form and Location of Invertase 
in the Yeast Cell 
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Because it is so difficult to extract the invertase 
from yeast cells it has been generally supposed that 
the enzyme occurs in an insoluble form, requiring 
autolysis or the action of added enzymes for its 
release (cf. Gottschalk, 1958). At the same time 
various kinds of evidence (cf. Myrback & Willstaedt, 
1955; Preiss, 1958) have indicated strongly that the 
enzyme is situated close to the cell surface and is 
associated with polysaccharide resembling the 
mannan of the cell wall. 

Recently Myrbiack (1957) drew attention to the 
effect of ethyl acetate on baker’s yeast. Cells 
treated overnight and washed thoroughly with 
water on the centrifuge lose much of their contents 
but retain the greater part of their invertase, even 
when stored for several months. Treatment with 
papain liberates the enzyme. Myrbick explained 
this behaviour as follows: invertase is retained 
because it is firmly bound to insoluble structures of 
the cell; on plasmolysis by ethyl acetate only in- 
significant amounts of the enzyme are solubilized. 
On standing, no further enzyme is liberated because 
the proteinases of the yeast have been removed or 
destroyed during plasmolysis and washing. Only 
papain is known to take the place of the yeast 
proteinases and release the invertase. 

We have described some preliminary experiments 
(Burger, Bacon & Bacon, 1958) which led us to a 
quite different conclusion, namely that the inver- 
tase is enclosed by membranes (one of which may be 


* Permanent address: Department of Biochemistry, 
The Macaulay Institute for Soil Research, Craigiebuckler, 
Aberdeen. 


the cell wall) and although it is freely soluble it 
cannot escape until these membranes are broken 
by mechanical or enzymic action. In this paper we 
describe further experiments supporting this con- 
clusion. 


MATERIALS AND METHODS 


Yeasts. Baker’s yeast (Saccharomyces cerevisiae) was 
obtained from a factory at Libén and brewer’s yeast (8. 
carlsbergensis) from the Smichov Brewery, Prague. A 
strain of S. cerevisiae, RXII, was grown in stationary 
culture on 8° wort (cf. Burger, Hejmovaé & Kleinzeller, 
1959). S. fragilis was grown on the same medium, usually 
for 24 hr. with aeration. 

Snail-crop juice. Edible snails, Helix pomatia (obtainable 
from A. Gaudin, 46 Greek Street, Soho, London, W. 1), 
were starved for at least 24 hr. before the crop juice was 
collected by the method of Bawden & Pirie (1946). It was 
centrifuged at 1500g for 15 min., frozen solid or freeze- 
dried, and kept at - 15°. 

Papain. A commercial sample (Merck) and a crystalline 
preparation made from it, and kindly given to us by 
Dr V. Liebl of this Institute, were used. 

Estimation of invertase activity. Convenient dilutions of 
the solution or suspension to be tested were added to a 
solution at room temperature (20°) made by dissolving 
2-5 g. of sucrose in sufficient water plus 1 ml. of M-sodium 
acetate buffer (pH 5-0) to make a final volume of 50 ml. 
A sample (10 ml.) was at once pipetted into a flask contain- 
ing 10 ml. of 5% (w/v) Na,CO,, filtered with the aid of a 
little Hyflo Supercel (Johns-Manville) and its optical 
rotation read in a 2 dm. tube in a polarimeter within 2 hr. 
Further samples (10 ml.) were taken and similarly treated 
at intervals (10 min. to 3 hr.) depending upon the activity 
of the solution being tested. From the fall in optical 
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rotation so measured the extent of hydrolysis of the sucrose 
was calculated. 

The activity is expressed (unless otherwise stated) in 
units/g. of original pressed yeast, 1 unit being the amount 
of enzyme liberating 1 mg. of reducing sugar/min. under 
the above-mentioned conditions. This unit was chosen 
because it gave a convenient value (100-200) for the 
starting material; it also corresponds almost exactly to a 
change of the rotation read of 0-1°/hr. 

Estimation of maltase activity. A similar procedure was 
followed, 1-0 g. of maltose being dissolved in a total of 
50 ml. containing 2ml. of 0-lmM-sodium phosphate— 
potassium phosphate buffer (pH 6-8) and the change in 
optical rotation measured on 10 ml. samples added to 
10 ml. of 5% (w/v) Na,CO,. A unit of activity is that 
hydrolysing 1 mg. of maltose/min. under these conditions. 

Estimation of protease activity. The method of Anson 
(1938) was used. 

Other methods. The dry weight of suspensions was 
measured by passing 2 ml. through a G4 sintered-glass 
filter, washing the residue thoroughly with water and drying 
it to constant weight at 105°. Kjeldahl nitrogen was 
measured by a micromethod, and polysaccharide content of 
cells by the method of Leopold & Honsig (1952-54). 
Paper chromatography was carried out as already de- 
scribed by Burger et al. (1959). 





RESULTS 


Effects of treatment with ethyl acetate on the 
invertase content of yeast cells 


We have confirmed the observations of Myrbick 
(1957) in all respects. Following his procedure 
exactly, preparations were obtained from S. 
cerevisiae (pressed baker’s yeast, or strain R XII) 
having usually activities of 100-200. The amount 
of invertase lost during the washing process was 
always small, the supernatant at the first centri- 
fuging rarely having an activity of more than 10. 
Table 1 describes the procedure and indicates the 
total losses, as shown by the activities of successive 
washes. About a third of the dry weight of the 


Table 1. Losses of invertase from baker’s yeast 
during treatment with ethyl acetate and subsequent 
washing 


Pressed baker’s yeast (100 g.) was kneaded with 10 ml. of 
ethyl acetate. It at once liquefied and was shaken gently at 
room temperature for 15-20 hr. The suspension was dis- 
persed in 1 1. of water and centrifuged. The precipitate was 


- washed four times with 500-600 ml. of water and finally 


suspended in water to give a volume of 100 ml. 


Volume of 


fraction 
Fraction (ml.) Activity 
Ethyl acetate supernatant 920 10 
First wash 620 2 
Second wash 610 0 
Third wash 530 0 
Fourth wash 520 0 
Final suspension 100 148 
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cells was lost during the treatment with ethyl 
acetate, losses being similar for the two strains of S. 
cerevisiae. 

Chloroform was added as a preservative to the 
final suspensions, which were then kept at room 
temperature. Periodic tests on the suspensions 
showed that only about 10-15 % became ‘soluble’ 
(i.e. failed to sediment when centrifuged at 
1500g) even after several weeks’ storage. 

Strain R XII grown in the laboratory was used 
for many preparations because it gave a higher and 
more reproducible invertase activity than the 
commercial pressed baker’s yeast. In one such 
preparation 15% of the invertase had become 
‘soluble’ after storage for 3 months. An examina- 
tion of shorter periods of treatment with ethyl 
acetate suggested that the invertase found in the 
ethyl acetate supernatant was not liberated in- 
stantaneously. Thus in one experiment the activities 
of supernatant (and sediment) after 2, 5 and 20 hr. 
of treatment were respectively: 4 (274), 7 (276) and 
16 (270). 

The only modification to Myrback’s procedure 
introduced in later experiments was to shake the 
liquefied mixture of yeast and ethyl acetate over- 
night in a wrist-action shaker. 

Examination under the microscope showed that 
the cells retained their shape but were no longer as 
refractive as living cells, nor did they stain with 
methylene blue. Viable counts showed that no 
living cells were present. A sample of R XII had 
lost all its power to ferment glucose after treatment 
with ethyl acetate for only 30 min. A few experi- 
ments with other yeasts showed that whereas S. 
carlsbergensis behaved similarly to S. cerevisiae, S. 
fragilis \ost practically all its invertase from the 
cells during treatment with ethyl acetate. 

The suspensions prepared by, the use of ethyl 
acetate, which were always diluted so that 1 ml. 
was equivalent to 1 g. of original moist yeast, are 
hereafter referred to as Myrbick preparations. 





Liberation of invertase by mechanical disintegration 


The press described by Hughes (1951) was used 
to disintegrate fresh yeast and Myrback prepara- 
tions. In each case the material was frozen in the 
stainless-steel block and, after crushing, was 
washed off with a small volume of water. The 
suspension was centrifuged at 35 000g for 1 hr. in 
a refrigerated centrifuge (MSE Superspeed-20), 
giving the following separation: above a compact 
precipitate there was a layer of material very easily 
disturbed, then a transparent layer and at the top 
a layer of floating material, presumably lipid. 
With fresh yeast it was difficult to remove a sample 
of the clear supernatant, but from Myrbiack pre- 
parations there was much less of the floating and 
‘loose’ layers. In both cases the clear supernatant 
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contained a large proportion of the total invertase 
of the original suspension. Tests with fresh yeast 
showed about 75% in the supernatant; Table 2 
gives some typical results with Myrbick prepara- 
tions. 

Examination under the microscope showed that 
the cell structure had been extensively damaged, 
very few cells remaining intact. 

When fresh baker’s yeast was disintegrated by 
shaking in the presence of glass beads in a ‘ Vibrogen 
Zellmiihle’ (E. Biihler, Tiibingen, Germany), an 
even greater proportion of the invertase activity 
was found in the supernatant from high-speed 
centrifuging: 80% after 4 min. shaking at 50 cyc./ 
sec. and virtually 100 % after 8 min. The microscope 
again showed extensive cell damage. 

Myrbiack preparations frozen in solid carbon 
dioxide and then allowed to thaw, but not crushed in 
the press, did not lose invertase to the suspending 
medium. (This observation confirms 
Myrback & Willstaedt, 1955.) 


Table 2. Invertase liberated by crushing of 
Myrbdck preparations from baker’s yeast 


A sample of each preparation was crushed 1-2 hr. after 
the final washing. Loss of invertase to the medium when 
samples were kept at room temperature for 1 month was 
also measured. 


Activity 
Activity of recovered Loss on 
original in medium Recovery standing 
preparation after crushing (%) for 1 month 

138 112 81 10 

139 107 77 10 

170 161 95 18 

124 85 a 


146 
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Action of papain preparations on 
ethyl acetate-treated yeast 


When Myrbick preparations were incubated in 
acetate buffer with commercial papain prepara- 
tions there was a slow liberation of invertase; with 
some batches of papain this action was accelerated 
by the presence of cysteine. However, the per- 
centage of the invertase liberated never reached 
50% and the rate of liberation was not greatly 
increased by three- or four-fold increases in. papain 
concentration. The crystalline-papain preparation 
(which had about ten times the proteolytic activity 
of the crude preparation), when used at concentra- 
tions at which its proteolytic potency exceeded 
that of the crude preparation, liberated much less 
invertase and in many experiments [cf. Table 
3 (b)] no more than the control, to which only 
buffered cysteine had been added (i.e. 5-15 %). 

There seemed to be distinct differences in the 
susceptibility of Myrbiack preparations to papain 
preparations, as judged by the initial rates of 
liberation of invertase. Because of the relative 
slowness of the action of papain preparations it was 
difficult to test them on living yeast. In one 
experiment no liberation of invertase was detected 
after incubation for 24 hr. 


Action of snail-crop juice 


Snail-crop juice produced a much more rapid 
liberation of invertase from Myrbiack preparations 
than did the papain preparations and set free 
virtually all the enzyme (Fig. 1). 

Although not dependent upon its addition, the 
snail-crop juice action was more rapid in the 
presence of cysteine. The invertase content of the 


Table 3. Liberation of invertase from ethyl acetate-treated cells in the presence of papain preparations 


A solution of the papain preparation in M-sodium acetate buffer (pH 5-0) was added to the Myrback prepara- 
tion and the suspension left at room temperature with occasional shaking. Cysteine to a final concentration of 
10 mg./ml., and chloroform as a preservative, were also added to each incubation. 


(a) Myrbiack preparation from baker’s yeast: activity 128 


Time of 


Merck papain 


Invertase liberated 


ae 
Crystalline 








incubation a > papain 
(days) No papain (4:3 mg./ml.) (14:3 mg./ml.) (1-43 mg./ml.) 
6 7 37 10 
10 12 48 61 21 
18 15 60 68 30 
(6) Myrback preparation from R XII: activity 210 
Invertase liberated 
eal —_ — _ - \ 
Time of Merck papain Crystalline 
incubation [nn AF papain 
(days) No papain (4:16 mg./ml.) (8:3 mg./ml.) (16-6 mg./ml.) (1-66 mg./ml.) 
1 14 22 26 30 14 
3 22 45 50 55 24 
7 19 62 59 67 22 
14 32 oe 91 107 34 
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juice was negligible by comparison with that 
present in the yeast; thus a typical freeze-dried 
preparation had 7 units of invertase activity/g. Its 
proteolytic activity was too small to be measured 
by the method of Anson (1938); when tested at 
280 times the concentration used for the papain 
tyrosine 


preparation no liberation could be 
detected. 


200 


= 
uw 
oO 


Invertase activity liberated 
(units/g. of original yeast) 





0 1 2 3 4 g 6 
Time (hr.) 


Fig. 1. Liberation of invertase from ethyl acetate-treated 
baker’s yeast (activity 200) in the presence of various con- 
centrations of snail-crop juice. The following quantities of 
freeze-dried crop juice, each dissolved in 1 ml. of water, 
were added to 10 ml. of unbuffered suspension and left at 
room temperature in the presence of chloroform: (, 
2-5 mg.; A, 5mg.; @, 10 mg.; O, 20 mg. 


100 
75 
50 


25 


Invertase activity liberated (%) 


0 5 10 15 20 
Time (hr.) 


Fig. 2. Liberation of invertase by snail-crop juice from 
living cells of baker’s yeast and S. cerevisiae R XII, and 
from Myrbick preparations made from them. In each case 
5g. of pressed yeast or its equivalent was incubated in 
unbuffered suspension (total vol. 11 ml.) with 200 mg. of 
freeze-dried snail-crop juice at 20-22°. Living yeast: O, 
baker’s; @, R-XII. Myrback preparations: [, baker’s; 
A, RXII. 
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The action of the snail enzymes on suspensions of 
living yeast differed in some respects from that on 
Myrbiack preparations. The invertase liberation 
was always slower (Fig. 2); the rate of liberation 
from R XII was very reproducible, that from baker’s 
yeast was slower and there was variation from 
batch to batch. During the loss of the first half of 
the invertase from the cells, examination under the 
microscope in the presence of methylene blue 


Table 4. Changes in viable count of a yeast 
suspension incubated with snail-crop juice 


S. cerevisiae RXII (1 g.) was incubated in 11 ml. of 
water with 200 mg. of freeze-dried snail-crop juice at 30°; 
no buffer was added. 

10? x Viable count/ml. 
Invertase of suspension* 
liberated —_—_—-—’ 
(% of initial Control: no 


Time of 


incubation With crop 


(hr.) content) crop juice juice 
0 0 23-5 23-6 

3 38 21:5 23-0 

5 48 22-8 23-0 

7 67 26-5 10-0 
20 82 24-5 7-5 


* Each figure is the mean of four or more counts, made 
from dilutions plated on 8° wort agar and incubated over- 
night at 30°. 


Table 5. Fermentation of various sugars by strain 
RXII after treatment with snail-crop juice 


Pressed yeast (2-5 g.) was incubated with 100 mg. of 
freeze-dried crop juice in 5 ml. of 0-1m-phosphate buffer 
(pH 6-8) for 3 hr. at 30°: 57% of the invertase was liber- 
ated. A control incubation was made with no crop juice. 
In each case the yeast was then washed three times with 
water and suspended in 0-1M-KH,PO, solution (pH 5-0). 
These suspensions were then tested manometrically, the 
Qco, being measured in the presence of 0-3% of sugar. 


Salt 
solution Glucose’ Sucrose Maltose 
Control 5-45 123 122-8 20-0 
Treated with 4:47 106-3 110-5 20-4 


crop juice 


Table 6. 


Liberation of invertase from yeast cells 
treated with aqueous glycerol 


The cells (5 g. moist weight) were incubated in 10 ml. of 
30% (v/v) glycerol for 18 hr. at 30°. A sample (1 ml.) of 
suspension was then centrifuged and the supernatant 
analysed (a). The sediment was resuspended in 10 ml. of 
water and immediately centrifuged; the clear supernatant 
was analysed (0). . 
S. cerevisiae 


A 


Baker’s S. 
RXII yeast fragilis 
Activity of intact yeast 198 96 58 
Activity liberated 12 6 47 
during incubation (a) 
Activity liberated after 48 17 5 


transfer to water (b) 
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showed little or no increase in the numbers of cells 
taking up the stain (less than 10%) and the viable 
counts did not alter (cf. Table 4). During this 
stage the fermentative capacity of R XII cells was 
not diminished (Table 5). Later the viable count 
began to fall and the number of cells staining with 
methylene blue increased. 

When the incubation was carried out in the 
presence of 0:2m-lactose, to maintain the iso- 
osmoticity of the medium (cf. Eddy & Williamson, 


1-25 
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Fig. 3. Liberation of invertase from living cells of R XII 
by snail-crop juice in the presence of 0-2M-lactose. Two 
parallel incubations were set up: each contained 2 g. 
pressed weight of R XII and 400 mg. of freeze-dried snail- 
crop juice in a total volume of 22 ml.; one incubation con- 
tained in addition 0-2m-lactose. Both were incubated at 
30°. Invertase liberation and the extinction in a 1 cm. cell 
of a Pulfrich photoelectric colorimeter with a yellow-green 
filter were measured at intervals. Extinction: @, with 
lactose; O, without lactose. Invertase: A, with lactose; 
], without lactose. 


160 


120 


A oc 
Oo oO 


oO 
oO 


Invertase activity liberated 
(units/g. of pressed yeast) 


15 20 25 30 35 40 45 50 
Time (hr.) 


> 


Fig. 4. Effect of added cysteine on the liberation of in- 
vertase from living yeast cells by snail-crop juice. In each 
case 5 g. of pressed R XII was incubated at 30° with 50 mg. 
of freeze-dried snail-crop juice in a total volume of 11 ml. 
To one incubation 70 mg. of cysteine-HCl was added. The 
pH of both incubations was adjusted to 5-0; after 47 hr. 
that with cysteine had pH 4-9, that without had pH 4-7. 
Invertase liberation was measured at intervals: @, with 
cysteine; O, without cysteine. 
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1958), almost all the invertase passed into the 
medium although the majority of protoplasts were 
still intact (Fig. 3). The microscope showed 
spherical bodies with a boundary much less 
refractive than that of the original cells. Lysis was 
accompanied by a decrease in extinction (Weibull, 
1953) and the appearance of cell debris. Proto- 
p« 8 isolated after 20 hr. and washed by centri- 
fugmg in 0-2m-lactose liberated only traces of 
invertase when lysed in water. 

The action of the snail-crop juice on living yeast 
cells was also enhanced by the presence of cysteine 
(Fig. 4). 


Liberation of invertase by osmotic shock 

Living cells which had been exposed to 20- 
30 % (v/v) of glycerol lost an appreciable propor- 
tion of their invertase to the medium when trans- 
ferred to water (Table 6). If the transfer to water 
was made by stages, e.g. from 20 % through 15, 10 
and 5 % of glycerol, no invertase was liberated. 

Tests with other concentrations of glycerol 
showed that less invertase was liberated at 10, 60, 
80 and 100 % (v/v). Examination under the micro- 
scope showed no difference in the appearance of the 
cells after transfer to water and no signs of cell 
debris. 

Table 6 shows that during exposure to 30% 
(v/v) glycerol practically no invertase is liberated 
from S. cerevisiae, but almost all from S. fragilis. 


Yields of invertase activity by 
various procedures 

That little or no inactivation of invertase takes 
place during ethyl acetate treatment was sug- 
gested by the comparison of the activity of fresh 
samples of baker’s yeast and of the preparations 
made from them. For example, in two such cases 
the activities of the intact cells were 150 and 196, 
and of the ethyl acetate-treated cells 168 and 201 
respectively. (In the first case the maximum loss of 
reducing sugar by fermentation was calculated, 
from the carbon dioxide formed in a parallel 
incubation, to be equivalent to 2-3 units of activity.) 
This impression was confirmed by the observation 
that the maximum invertase activity liberated by 
snail-crop juice from living cells or Myrback pre- 
parations also approached that measured on the 
intact yeast. A direct comparison with RXII 
showed activities of 204 for the living yeast, 181 
for the Myrbick preparation and 195 for the in- 
vertase liberated from the living cells by incubation 
for 45 hr. with snail-crop juice. A similar corre- 
spondence was found with baker’s yeast. 

With S. fragilis, intact yeast having an activity 
of 48 lost 42 to the medium when treated with 
ethyl acetate and 51 when incubated with snail 
enzymes. 
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In no case was there any indication that the 
amount of invertase present was increased by the 
treatment being investigated. 


Effect of the physiological state of Saccharomyces 
cerevisiae R XII cells on their susceptibility to the 
action of snail-crop juice 


In the course of the experiments described above 
it was noticed that the responses to papain and to 
snail-crop juice varied from one Myrbiack prepara- 
tion to another. It could also be seen by micro- 
scopical examination that some living cells, or cell 
‘ghosts’ as the case might be, were more easily 
disintegrated by enzymes than others. We there- 
fore tried the effect of aerating suspensions of 
RXII, with and without 7 % (w/v) of galactose; the 
galactose was not all utilized during this period. 
In the absence of galactose the pressed weight of 
the yeast fell somewhat (1-0-83g.) and the 
invertase activity/g. changed little (149-153). In 
the presence of galactose cell multiplication took 
place and the pressed weight rose (1-1-9 g.) and the 
total invertase also increased, but not in propor- 
tion, to give an activity of 127. The latter cells 
were much less susceptible to the action of snail- 
crop juice than the original anaerobically culti- 
vated R XII or the cells aerated in the absence of 
galactose (Fig. 5); the effect of aeration with 
galactose was to depress the protein content and 
nearly to double the polysaccharide content. 
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Time (hr.) 
Fig. 5. Effect of aeration in the presence of galactose on 


the susceptibility of R XII cells to the action of snail-crop 
juice. Two suspensions of yeast in 0-05 M-sodium phosphate- 


’ potassium phosphate buffer (pH 6-8), one containing 7% of 


galactose, were divided into batches of 55 ml. each contain- 
ing 0-15 g. of pressed yeast, and incubated at 30° for 16 hr. 
with shaking. The cells were then washed with water and 
batches were pooled to give 2-5 g. of pressed yeast from 
each suspension. This was incubated with 100 mg. of 
freeze-dried snail-crop juice in a total volume of 5-5 ml. 
A sample of the original R XII, grown in stationary culture, 
was tested simultaneously. @, Stationary culture; O, 
shaken culture without galactose; A, shaken culture in the 
presence of galactose. Other details are given in the text. 








‘INSOLUBLE’ YEAST INVERTASE 509 


Effect of treatment with ethyl acetate on the maltase 
of Saccharomyces cerevisiae R XII 


The Myrback preparations from R XII had high 
invertase activity but no maltase could be demon- 
strated. Examination of shorter periods of treat- 
ment with ethyl acetate showed that after 1-5 hr. 
all the fermentative capacity had been lost, but 
most of the maltase was retained. As treatment was 
continued maltase activity was lost by the cell 
fraction, but did not appear in the supernatant. 

This effect seemed to be due to inactivation by 
the solvent. Maltase liberated from living cells by 
the action of snail-crop juice was stable for at least 
72 hr. in 0-1M-sodium phosphate—potassium phos- 
phate buffer (pH 6-8), but when an excess of ethyl 
acetate was added all the maltase activity was lost 
in 3hr. It has already been noted (Table 5) that 
the fermentation of maltose was not affected by 
a short period (3 hr.) of treatment with the juice, 
during which 57 % of the invertase was liberated. 


DISCUSSION 


After yeast cells have been treated with ethyl 
acetate a fraction remains ‘insoluble’, i.e. it can 
easily be centrifuged at 1500g. After thorough 
washing with water a large part of the invertase of 
the original cells remains in this sediment, and in 
this sense is ‘insoluble’. However, our experiments 
show clearly that if the sediment is crushed in the 
Hughes press the greater part of the invertase can 
no longer be centrifuged, i.e. it has become ‘soluble’ 
as a result of mechanical damage. 

The invertase of the living yeast cell can also be 
brought into solution in this way. It therefore 
seems that the period of ethyl acetate treatment, 
although it may have encouraged autolysis and 
may indeed have affected the physical state of the 
invertase, has not brought about any decisive 
change in its properties, such as might be en- 
visaged in the term ‘solubilization’. 

A more interesting observation is that a large 
proportion of the invertase may be lost from living 
yeast cells under the influence of snail digestive 
enzymes, whereas the viable count is virtually 
unaffected. Practically all the invertase may be 
‘liberated’ under conditions in which considerable 
disintegration of cell walls takes place, but in which 
the escaping protoplasts remain intact. 

These observations suggest an interpretation of 
earlier work on the ‘solubilization’ of yeast in- 
vertase quite different from that generally accepted ; 
namely, that the greater part of the enzyme already 
exists in a soluble form outside the protoplast, but 
is somehow retained by the cell wall. Such an 
idea is supported by the evidence from various 
sources indicating that the enzyme is located close 
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to the surface of the cell. Thus Preiss (1958) has 
calculated from the susceptibility of the enzyme to 
bombardment by low-voltage electrons that in dry 
cells it must lie as a continuous layer, or a series of 
randomly disposed patches, 50 my below the cell 
surface and at no greater depth than 100 mu. It is 
difficult to exclude the possibility that the inver- 
tase is present inside the protoplast, but leaks out of 
it while the cells are being attacked by the snail- 
crop juice. If this is the case, the permeability of 
the membrane must be selective, otherwise it is 
difficult to see how the cell can retain its full 
capacity to ferment sugars under conditions in 
which nearly 60% of the invertase has been lost 
(Table 5). For this reason we favour the hypothesis 
that the bulk of the invertase, wherever it may 
have been synthesized, comes to lie between the 
protoplast membrane and the cell wall. 

Such a hypothesis still leaves much room for 
elaboration. For example, it is necessary to 
explain the effect of papain preparations, originally 
thought to deputize for autolytic proteases. Our 
own experiments suggest that it may not be the 
proteolytic activity that is responsible. There is a 
little B-glucosidase in commercial papain prepara- 
tions and in the crystalline preparation we used. 
On the other hand, the rate of invertase liberation 
from Myrbiack preparations by snail digestive juice 
greatly exceeds the highest rate obtainable with 
the papain preparation tested. A possible explana- 
tion is that several polymers are built into the 
structures that enclose the enzyme. Hydrolysis of 
any single component would then be sufficient to 
liberate it, and the papain and snail enzymes may 
be attacking different substrates. It cannot even 
be assumed from the evidence available that the 
effect of the snail-crop juice is due to its action on 
the glucan of the cell wall (which it is known to 
attack, Holden & Tracey, 1950); it also attacks 
yeast mannan (Myers & Northcote, 1958) and 
might well attack other minor carbohydrate 
components. There is an interesting parallel 
between their actions in liberating invertase from 
Myrbiack preparations, and the effect of papain and 
snail digestive juice on fragments of yeast-cell 
walls, reported by Eddy (1958, especially Fig. 1). 

We could find no evidence for liberation of in- 
vertase from Myrbick preparations in the presence 
of high concentrations of lysozyme, which is known 
to attack a polysaccharide cubstrate. 

Myrback (1957) showed that cysteine was 
necessary for the full action of papain preparations, 
and this seemed at first to support the idea that 
papain itself was acting. However, our own find- 
ings that cysteine activates the action of snail-crop 
juice, which apparently has relatively. weak 
protease activity (both from our own tests and 
those of others: Bawden & Pirie, 1946; Myers & 
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Northcote, 1958), suggest that some other explana- 
tion may be necessary, such as the removal of 
heavy-metal inhibitors, or an effect on the structure 
of the cell wall. In support of such an idea we have 
recently found that living R XII cells washed three 
times with cysteine solution, and then thoroughly 
with water, were almost as susceptible to the 
action of snail-crop juice as were cells tested in the 
presence of cysteine. 

Sudden transferrence from 30% glycerol to 
water did not seem to lead to any permanent 
damage to the cells, but nevertheless about a third 
of the invertase was liberated. This might be 
explained by a temporary stretching of the cell 
wall, or by the formation of minor cracks in it 
which are not discernible under the microscope. It is 
certainly true that during the action of snail 
enzymes on Myrbiick preparations a large propor- 
tion of the invertase escapes before visible damage 
has been done, and among a population of living 
cells that has lost half its invertase it is difficult to 
find any cells from which the protoplast has 
escaped. . 

Apart from the irradiation studies already men- 
tioned and the effect of pH and inhibitors on the 
invertase of living cells (Myrbick & Willstaedt, 
1955; Myrbiick, 1957) there are other grounds for 
associating invertase with the cell wall. Many 
attempts to purify the enzyme have led to the 
realization that it is closely associated with poly- 
saccharide (cf. Sumner & O’Kane, 1946-48). 
Fischer & Kohtés (1951) found mannan in their 
purest stable preparations. Eddy & Williamson 
(1959) have shown that cell-wall preparations have 
invertase activity, although the amount held in 
this way is only a few per cent of the total activity 
of the cell. All these observations might be 
explained if the invertase were synthesized on the 
‘glucomannan side’ (Northcote & Horne, 1952) of 
the cell wall, perhaps as part of a general laying 
down of material beyond the protoplast membrane. 
It would then be tempting to assume that the 
increase in invertase content shown by cells 
aerated for a period in sucrose solution (Neuberg & 
Roberts, 1946) is a consequence of the laying down 
of more cell-wall material. Unfortunately, we have 
not been able to confirm this effect with strain 
RXII. It may be that our failure is the result of 
using cells which through their previous conditions 
of growth are unable to respond to further feeding 
with carbohydrate. 

There is scope for further study, particularly of 
the liberation of invertase from ethyl acetate- 
treated cells, the simpler of the two systems dis- 
cussed here. It may be, as we have already sug- 
gested (Burger et al. 1958), that this may throw as 
much light upon the structure of the yeast cell as 
upon the nature of the invertase. 
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Friis & Ottolenghi (1959) have recently reported 
some interesting experiments with a yeast strain of 
defined genetic constitution. Their method of 
measurement of invertase differed very much from 
our own, and unfortunately it is not possible from 
their data to form any estimate of the invertase 
activity of their yeast on either a fresh- or dry- 
weight basis. They, too, found that much invertase 
was lost when protoplasts were separated from the 
cell-wall material by the action of snail digestive 
juice, but by direct measurement they found that 
intact protoplasts still showed some invertase 
activity. They also established that there was some 
invertase activity within the protoplasts that could 
not be measured by their method (which required 
the presence of 0-1M-fructose) until they had been 
disrupted by repeated freezing and thawing. Cells 
of their strain grown on glucose—yeast water, and 
the protoplasts prepared from them, also had this 
‘internal’ invertase activity, although when intact 
they showed no action on sucrose. 

These results indicate that the situation may well 
be complex, and may vary from one strain of yeast 
to another. In discussing their results Friis & 
Ottolenghi (1959) state that: ‘in cells which have 
grown in the presence of sucrose some invertase is 
to be found bound to the cell-wall material,’ but the 
nature of their experiments does not justify any 
distinction between actual binding and physical 
trapping of the enzyme. It would be of particular 
value to know whether invertase is in fact bound to 
the cell-wall material in their yeast, and to be 
able to relate the amounts of invertase concerned 
to the total content of the enzyme in the cells of 
a typical commercial baker’s yeast. 


SUMMARY 


1. Yeast cells (Saccharomyces cerevisiae, S. 
carlsbergensis), when treated with ethyl acetate and 
thoroughly washed with water, retain the greater 
part of their invertase, but S. fragilis loses it to the 
suspending medium. 

2. When ethyl acetate-treated cells were dis- 
rupted in the Hughes (1951) press almost the whole 
of their content of invertase was liberated in a 
soluble form. The enzyme was also wholly liberated 


_by the action of crop juice of Helix pomatia, and 


partly liberated by the action of papain prepara- 
tions. 

3. Snail-crop juice also liberated the greater 
part of the invertase from living yeast cells, even 
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under conditions in which the protoplasts remained 
intact. 

4. The action of both enzyme preparations in 
liberating invertase from living or ethyl acetate- 
treated cells was enhanced by the presence of 
cysteine. 

5. It is concluded that the invertase of the yeast 
cell occurs in a soluble form in a region of the cell 
outside the protoplast but inside the cell wall, and 
not, as previously supposed, in combination with 
insoluble cell structures. 


This work was done with the able assistance of Mrs L. 
Hejmova and Miss E. Masnerova. Two of us (E. E. B. and 
J.S.D.B.) wish particularly to thank Academician I. 
Malek, Director of the Institute, and the Czechoslovak 
Academy of Science, for most generous hospitality which 
made our participation in this work possible. We wish also 
to thank Dr D. H. Northcote and Professor A. A. Eddy for 
helpful discussions of some of the problems raised. 
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The Biochemistry of Rumen Protozoa 
4. DECOMPOSITION OF PECTIC SUBSTANCES* 


By A. R. ABOU AKKADA anp B. H. HOWARD 
The Rowett Research Institute, Bucksburn, Aberdeen 


(Received 29 August 1960) 


Among the carbohydrates present in the food 
eaten by ruminants the pectic substances can form 
a substantial proportion of the whole, yet their 
decomposition in the rumen appears not to have 
been previously investigated. This is in marked 
contrast to the attention which the other major 
dietary carbohydrates have received (see, for 
example, Howard, 1959c). When the present work 
was commenced, little evidence was available that 
pectic substances are decomposed in the rumen. 
Leroy & Michaux (1949) showed, by analysing the 
food and faeces of sheep, that between 40 and 
97 g. of pectic substances were retained by the 
animal per day. Bryant & Doetsch (1954) ob- 
served that some cultures of cellulolytic bacteria 
isolated from the bovine rumen could ferment 
pectin. That the decomposition of pectic substances, 
shown by Leroy & Michaux (1949) to occur in the 
alimentary tract, could occur in the rumen by the 
action of the micro-organisms contained there, was 
shown by our preliminary experiments. Both 
bacteria and Protozoa were found to be concerned 
in this decomposition. The present paper describes 
only the experiments with Protozoa. Three groups 
of Protozoa were available as fairly pure prepara- 
tions; Dasytricha ruminantium, mixed Isotricha 
intestinalis plus Isotricha prostoma, and Entodinium 
caudatum. Their abilities to decompose pectic 
substances were determined, and a more extended 
study was made of the most active group, the 
isotrichs. 


MATERIALS AND METHODS 


Protozoa. Suspensions of living protozoa and cell-free 
extracts were obtained as previously described (Howard, 
1959a; Abou Akkada & Howard, 1960). D. ruminantium 





* Part 3: Abou Akkada & Howard (1960). 


and mixed isotrichs were respectively obtained from two 
sheep which had been treated as described by Eadie & 
Oxford (1957) and Howard (1959a). FH. caudatum was 
obtained from the same sheep as in previous work (Abou 
Akkada & Howard, 1960). In some experiments the usual 
procedure for obtaining a clean suspension of mixed 
isotrichs (Eadie & Oxford, 1955) was modified by adding 
xylose (05%, w/v) to the rumen liquor instead of glucose. 
Since xylose is not used by the isotrichs, the protozoa 
deposited during its fermentation contained much less 
starch than those in the usual suspensions. Suspensions of 
isotrichs obtained by adding xylose to the rumen liquor 
were used immediately. The protozoa were then more active, 
yet more empty of storage starch, than those prepared by 
the normal procedure. It was thought that, by using such 
organisms, the decomposition of substrates that are meta- 
bolised with difficulty would be more readily detected. 

Substrates. Three polysaccharides were used: (a) pectin 
(British Drug Houses Ltd., ‘250 grade apple pectin’); 
(b) polygalacturonic acid (Nutritional Biochemicals Corp., 
Cleveland 28, Ohio, U.S.A.); (c) sodium polypectate 
(Sunkist Growers Inc., Ontario, Calif., U.S.A.). The galact- 
uronic acid content and the yield of methanol on alkaline 
hydrolysis of these materials were determined by the 
methods described below. The results, shown in Table 1, 
indicate that the polygalacturonic acid and the sodium 
polypectate are almost completely demethylated, and that 
in the pectin about three-fifths of the galacturonic acid 
groups are esterified. Samples of the materials were 
hydrolysed (N-H,SO, for 2 hr. at 100°), and the sugars in 
the neutralized hydrolysates were examined by paper 
chromatography (Howard, 1957). The results are shown in 
Table 1. None of the sugars was present in the hydrolysates 
in more than traces, and it was estimated that none of the 
substrates contained more than approx. 2% of other 
polysaccharides. Further purification was considered un- 
necessary. 

Solutions (1%, w/v) of the substrates were made as 
follows. Pectin was added to water or buffer solution in 
small portions with shaking. A homogeneous, slightly 
viscous solution was obtained after the mixture had been 
stored in the refrigerator overnight. Sodium polypectate 
readily dissolved to give a viscous solution when mixed 


Table 1. Analysis of pectic materials 


Anhydro- 
galacturonic 
Material acid (%, w/w) 
Pectin 67 
Polygalacturonic acid 90 
Sodium polypectate 62 


Methoxyl 
(-O°CH,) Neutral sugars in 
%, w/w) acid hydrolysate 
7-0 Galactose, glucose, arabinose 
0-1 None 
0-1 Galactose, arabinose 





Rie ati 6 aia ate nals 


in 
th 
sc 
by 
Ww 
wi 


BeBEr 


(1g 


hy 


tog 








}, 512 


1 two 
lie & 
was 
Abou 
usual 
nixed 
iding 
cose. 
tozoa 
| less 
ms of 
iquor 
tive, 
»d. by 
such 
neta- 
d. 
ectin 
tin’); 
orp., 
ctate 
ilact- 
caline 
r the 
ole 1, 
dium 
| that 
acid 
were 
urs in 
paper 
wn in 
sates 
of the 
other 
d un- 


de as 
on in 
ghtly 

been 
ctate 
nixed 





a 


Vol. 78 


with water or buffer solution. Polygalacturonic acid (1 g.) 
was suspended in water (50 ml.) containing a little bromo- 
thymol blue. 0-5N-NaOH was added slowly until the solid 
was all dissolved and the solution was a green—blue colour. 
About 8-7 ml. of alkali was needed. The solution was 
finally diluted to 100 ml. 

Other materials. Galacturonic acid was supplied by L. 
Light and Co. Ltd. Di- and tri-galacturonic acid were the 
gift of Dr W. W. Reid. Tetragalacturonic acid was ob- 
tained from the mixture of oligo-uronides resulting from 
the action of Jsotricha extract on pectin. The separation 
was by paper chromatography in the solvent system 
described below. The portion of the paper bearing the 
tetragalacturonic acid (Rgstacturonic acia 0°12) was cut out 
and extracted with water. The solution was dried in a 
vacuum desiccator to yield tetragalacturonic acid as a 
colourless syrup. Solutions (1%) were made in water and 
preserved under toluene for use as chromatographic 
standards. Solutions (1%), for use as enzyme substrates, 
were made in 0-2 M-NaHCO,, their pH values were approx. 
7-5. Carbazole (British Drug Houses Ltd.) was sublimed 
before use. Chromotropic acid was used as the ‘sodium 
salt for formaldehyde determination’ (British Drug Houses 
Ltd.). 

Standard solutions. (a) Methanol (A.R.) was diluted to 
1% (v/v) in water. This stock solution was standardized 
against a solution prepared from a weighed quantity of a 
crystalline methyl ester. Methyl p-nitrobenzoate was pre- 
pared from A.R. p-nitrobenzoyl chloride and methanol, 
and after crystallizing from ethanol had m.p. 96°. About 
20 mg. of vacuum-dried substance, accurately weighed, was 
sealed in a small tube with n-NaOH (2 ml.). The tube was 
immersed in boiling water for 30 min., cooled, opened, and 
the contents were diluted to 100 ml. Methanol in this 
solution was determined after oxidation to formaldehyde 
by the method described below. A control experiment 
with the stock solution showed that 1-5% of the methanol 
was lost during the heating with alkali, and the calculated 
methanol content of the ester hydrolysate was adjusted 
accordingly. In this way, the stock 1% (v/v) solution was 
found to contain 8-0 mg./ml. of methanol. (6) Galacturonic 
acid was purified with charcoal and crystallized from 
aqueous ethanol. The standard solution was prepared by 
dissolving the vacuum-dried substance (0-500g.) in 
saturated benzoic acid (50 ml.). 

Buffer solutions. In experiments with cell-free extracts of 
the protozoa, the following buffer solutions were used: 
(a) phosphate +citrate (McIlvaine, 1921), pH 3-8; (b) 
KH,PO,+Na,HPO,, 0:067m, pH 6-4-8-4; (c) veronal 
(Michaelis, 1930), pH 6-8-9-2; (d) Na,CO, + NaHCO,, 0-2m 
(Delory & King, 1945), pH 9-2-10-5. 


Enzyme assays 


Polygalacturonase. Polygalacturonic acid solution 
(0-1 ml.), buffer and enzyme solution, in a total volume of 
1 ml., were mixed in tubes graduated at 25 ml. The tubes 
were immersed in a water bath at 38° for 4hr., and the 
reducing sugar present was then determined by Nelson’s 
(1944) method. The reducing power was expressed in terms 
of galacturonic acid, and from this the apparent degree of 
hydrolysis of the substrate was calculated. 

Pectin esterase. The enzyme and substrate were incubated 
together in small test tubes, capacity about 3 ml., closed 
by rubber stoppers. In each of four such tubes was placed 
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buffered pectin solution (1 ml.), freshly made by mixing 
the stock (1%) pectin solution (1 ml.) with the appropriate 
buffer (4 ml.). Enzyme solution (1 ml.) was added to each 
of two of the tubes, and water (1 ml.) to the others. The 
tubes were then stoppered, shaken and immersed in the 
water bath at 38° for a period of 1-4 hr., depending on the 
potency of the enzyme solution and the pH of the mixture. 
A ‘blank’ tube containing water (2 ml.), and two standard 
tubes containing water (1-5 ml.) and methanol [0-5 ml. of 
0-01% (v/v) solution, ie. 40ug. of methanol], were incu- 
bated at the same time. At the end of the incubation 
period the enzyme activity was stopped by the addition of 
2n-H,SO, (0-1 ml.) to each tube. The determination of the 
methanol content of the solutions was then carried out by 
a modification of the method of Feldstein & Klendshoj 
(1957), as follows. One ml. of the acidified mixture from 
each tube was placed in the outer compartment of a 
Conway unit, the inner compartment of which contained 
10% (v/v) H,SO, (1 ml.). Liquid paraffin was used to seal 
the lids of the units, which were left overnight at room 
temperature. One ml. of liquid from the inner compart- 
ment was then transferred to a tube, and one drop of 
0-3mM-KMnO, was added. After 10 min. at room tempera- 
ture, excess of permanganate was destroyed with one drop 
of saturated NaHSO,. The formaldehyde resulting from 
oxidation of the methanol was determined by heating with 
the chromotropic acid—H,SO, reagent (Lambert & Neish, 
1950) and measuring the colour intensity with the use of an 
Ilford no. 626 filter. The reading obtained with the solution 
containing the methanol standard was used to calculate 
the quantity of methanol in the other tubes. A small pro- 
portion of free methanol was always found in the pectin 
solutions, and, at pH values above 8, some non-enzymic 
hydrolysis occurred. 


Other analytical methods 


Galacturonic acid was determined by the H,SO, 
carbazole method of Dische (1947). Nitrogen analyses 
were carried out as described by Howard (1959a, b). 
Solutions to be examined chromatographically for galact- 
uronic acid or oligo-uronides were first diluted with an 
equal volume of ethanol to precipitate polysaccharide 
(Smith, 19580). The precipitate was removed by centri- 
fuging, and cations were removed from the supernatant 
solution by treatment with Amberlite IR-120 (H*) resin. 
The resulting solution of acids was evaporated to dryness 
in a vacuum desiccator at room temperature. Chromato- 
graphy of the residue was carried out on Whatman no. 541 
paper in ethyl acetate—acetic acid—water (3:1:1, by vol.) 
during 8-12 hr. Solvent was removed from the paper first 
by air-drying and finally by steaming. The acidic spots 
were then revealed by dipping in an ethanolic solution of 
bromocresol green (0:04%) adjusted to pH 7. 


Manometric methods 


Experimental conditions were, in general, similar to 
those previously used (Abou Akkada & Howard, 1960). 
Antibiotics and Na,S were omitted from the buffer solu- 
tions, which contained bicarbonate but no acetate. The 
main chambers of the Warburg flasks contained protozoal 
suspension (5 ml., containing about 2 mg. of total protozoal 
N), and the side arms contained 1% solutions in the buffer 
of pectin or sodium polypectate (1 ml.). The experimental 
period was 4 hr.; at the end of this time the flasks were 
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disconnected from the manometers, and the protozoa were 
killed by adding 2n-H,SO, (0-1 ml.). The suspensions were 
centrifuged, and portions of the supernatants were removed 
for the determination of methanol, reducing sugar and total 
galacturonic acid, and also for chromatographic examination. 

When methanol was to be added to protozoa, the main 
chambers of the flasks contained protozoal suspension 
2 ml.), and the side arms buffer solution (0-5 ml.) contain- 
ing methanol (250 ug. approx.). Duplicate flasks were set 
up containing buffer solution without protozoa in the 
main chambers. The methanol contents of the flasks were 
determined after incubation for 4 hr. 


RESULTS 


Properties of cell-free extracts of protozoa 


A quantitative comparison of the pectin esterase 
and polygalacturonase activities of extracts of the 
three groups of Protozoa is shown in Table 2. 
Preliminary experiments with the Isotricha extract 
had suggested that both enzymes were most active 
at a pH of about 8; the comparative experiments 
were therefore carried out at this pH. Qualitative 
experiments in the phosphate buffer, pH 6, gave 
similar results. Incubation of the extracts from D. 
or the isotrichs with solutions of 
pectin or polygalacturonic acid at pH 7-5 or 8 
caused the disappearance of ethanol-precipitable 
material. At the same time, oligo-uronides and 
galacturonic acid appeared in the solution. Chro- 
matographic examination of samples of the mixtures 
taken at different times during incubation showed 
that during the greater part of the period there was 
very little galacturonic acid present. Moderate 
amounts of di-, tri- and tetra-galacturonic acid 
were formed but the greater part of the material 
occurred as higher uronides was not separable on the 
saper. The yields of hydrolysis products appeared 
from the chromatograms to be the same, whether 
pectin or polygalacturonic acid was the substrate. 


ruminantium 


Table 2. Hydrolysis of pectic substances by cell-free 
extracts of rumen protozoa 


Incubation of substrate+enzyme was in phosphate- 
citrate buffer, pH 8 (McIlvaine, 1921). Other conditions 
and methods of analysis were as described in the text. 
Pectin and polygalacturonic acid were substrates for the 
determination of pectin esterase and polygalacturonase 
activity respectively. The figures in the Table are the 
weights of product (ug. of methanol or reducing sugar as 
galacturonic acid respectively) produced per hr. per mg. of 
protein N in the enzyme solution. Two separate prepara- 
tions each of Isotricha spp. and D. ruminantium, and one of 
E. caudatum, were tested. 

Pectin esterase 
activity 
164, 130 505, 1350 

33, 22 62, 101 
< 1 < 3 


Polygalacturonase 
Protozoa activity 
Isotricha spp. 

D. ruminantium 


E. caudatum 
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Di-, tri- and tetra-galacturonic acid were them- 
selves hydrolysed by the TJsotricha extract; 
hydrolysis of di- and tri-galacturonic acid was slow, 
and yielded, respectively, galacturonic acid and a 
mixture of galacturonic acid and digalacturonic 
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Fig. 1. Variation of activity of Isotricha polygalacturonase 
with pH. Conditions of assay were as described in the text. 
@, 0-067 m-Phosphate buffer; O, veronal buffer; A, carb- 
onate buffer. 


100 
80 9 
60 
40 
20 
o. . 7 8 9 10 


pH 


Fig. 2. Variation of activity of Isotricha pectin esterase 
with pH. Conditions of assay were as described in the text. 
@, Phosphate-citrate buffer; O, veronal buffer. 
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Table 3. Effects of suspensions of isotrichs on pectic substances 


Incubation was for 4 hr. in Warburg flasks. Concentrations of substrates were equivalent to 1 mg. of galact- 
uronic acid per ml. of suspension. Pectin esterase activity is given as the percentage of total methoxy] liberated 
as methanol; polygalacturonase activity as the apparent percentage hydrolysis of substrate into galacturonic 
acid, and ‘fermentation’ as the percentage decrease in total galacturonic acid during the incubation; (a), (b) and 


(c) refer to three separate suspensions of protozoa. X, 


cr 


Galacturonic - 


Activity of Protozoa acid 


Pectin esterase x 
Polygalacturonase xX 
‘Fermentation’ 10 


100 


80 


60 


40 


Gas (l./0-1 mg. of N) 


20 


° 1 2 3 4 
Time (hr.) 


Fig. 3. Gas production by Isotricha during incubation 
with pectic substances. The buffer solution contained 
NaHCO, (0:1%). The gas phase was N,+CO, (95:5). 
Other conditions were as described in the text. O, Endo- 
genous fermentation: A, sodium polypectate; A pectin; 
@, methanol. 





acid. Hydrolysis of tetragalacturonic acid pro- 
ceeded more rapidly and yielded chiefly digalact- 
uronic acid with a little galacturonic acid, but no 
trigalacturonic acid. 

The Isotricha extract was incubated with poly- 


- galacturonic acid at various pH values, and the 


formation of reducing sugar was measured. A 
number of different buffer solutions was required to 
cover the range of activity. Fig. 1 shows the results 
obtained in such experiments, in which a single 
batch of enzyme extract was used. The activity was 
greatest between pH 8-7 and 9-0. Similarly, the 
Isotricha pectin esterase was found to have maxi- 
mum activity at pH 8-6-8-8 in veronal buffer 
(Fig. 2). 


oO ae Oe 


Test not applicable; —, not determined. 
Substrates 
Pee — - = 

Pectin 

Sodium 
polypectate 
50 66 67 X 
36 = — 42 
16 11 — 8 


Table 4. Pectic enzymes in buffer solution in which 
isotrichs have been incubated 


measurement of 
X, Test not 


Concentrations of substrates and 
activities were as described in Table 3. 
applicable. 

Substrates 


atte Neils ae a 


Sodium 


Enzyme activity Pectin polypectate 
Pectin esterase 72 xX 
Polygalacturonase 40 43 


Effect of Isotricha suspensions on pectic 
substances 


The amounts of gas produced in manometric 
experiments in which pectin or sodium polypectate 
was added to Isotricha suspensions are shown in 
Fig. 3. At the end of the experiments the total 
galacturonic acid, reducing sugar and methanol 
contents of the solutions were determined. The 
results are summarized in Table 3, which also 
includes for comparison the results of a similar 
experiment in which galacturonic acid was used 
instead of the polysaccharides. Paper-chromato- 
graphic examination showed that the considerable 
amount of reducing sugar present in solution after 
incubating protozoa with pectin or sodium poly- 
pectate consisted almost wholly of galacturonic 
acid. To estimate roughly the extent to which the 
enzymes diffused into the medium from the proto- 
zoal cells, a suspension of Isotricha was shaken for 
4hr. in buffer solution alone. The protozoa were 
then removed by centrifuging, and the supernatant 
was tested for enzyme activity against pectin and 
sodium polypectate, under the same conditions as 
would have been used had the solution been a 
suspension of protozoa. The enzymic activities of 
this protozoa-free solution are shown in Table 4. 

The gas production found when methanol was 
added to a suspension of Jsotricha in Warburg 
flasks is also shown in Fig. 3. During this experi- 
ment the methanol concentration in the suspension 
fell from 90 to 87 yg./ml. 


33-2 





DISCUSSION 


It is commonly agreed that enzymic decomposi- 
tion of pectin requires the action of two enzymes or 
enzyme systems (Deuel & Stutz, 1958). The first 
of these is pectin esterase, which hydrolyses the 
ester groups in pectin to yield methanol and poly- 
galacturonic acid (pectic acid), and the second is 
polygalacturonase, which breaks the polysaccharide 
chain by rupturing glycosidic linkages. Enzymes 
of this latter type from different sources vary 
widely in properties, for example, in type of sub- 
strate preferred (i.e. degree of esterification), in pH 
optimum, in mode of action and in end products. The 
pectin esterases from different sources have not been 
subjected to such a detailed comparison ; in any case, 
the possibilities of variation here are much less. 

Among micro-organisms which decompose pectin, 
it would be expected that there would be some 
correlation between the production of the two 
enzymes. This was the case, for example, with 
most, though not all, of the bacteria examined by 
Smith (1958a). In the three protozoal genera which 
are the subject of the present study, the production 
of the two enzyme activities falls into the expected 
pattern, as shown in Table 2. Although there were 
considerable differences in activity between pre- 
parations from the same organism, the differences 
between organisms were much greater. The EL. 
caudatum extract contained neither enzyme, the 
D. ruminantium extract a little of each, and each 
was most abundant in the Jsotricha extract. It is 
clear that E. caudatum can play no part in ruminal 
pectin decomposition; this finding reinforces our 
previous conclusion (Abou Akkada & Howard, 1960) 
that this organism uses nothing but granular starch 
to satisfy its need of carbohydrate. Of the two genera 
of rumen holotrich protozoa, Dasytricha and 
Isotricha, the latter seemed more active in pectin 
decomposition, and most of our experiments were 
performed with this organism. 

Investigation of the protozoal pectin esterase 
was made easier by applying a modified assay 
method, which we believe to be an improvement 
over those used hitherto. These latter may be 
divided into two groups, according to whether the 
hydrolysis of the ester is measured by determining 
the acidity produced or the methanol liberated. 
Methods of the former kind usually require that the 
enzyme acts in a nearly neutral, unbuffered 
solution (Reid, 1950; Solms & Deuel, 1955), which 
limits the possible biochemical investigations. The 
determination of the methanol produced by the 
action of pectin esterase has hitherto involved 
distillation (see, for example, Pogell, Moseley, Likes 
& Koenig, 1957), which can be inconvenient, when 
numerous determinations are to be done. How- 
ever, a method for determining methanol in 
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tissues, in which the distillation step is replaced by 
a diffusion step in a Conway unit has been de- 
scribed (Feldstein & Klendshoj, 1957). The modi- 
fication of this procedure described in the Materials 
and Methods section has proved convenient and 
accurate. Many determinations may be carried out 
together, and the sensitivity of the chromotropic 
acid colour reaction permits the experiments to be 
done on a very economical scale. By means of this 
technique, and using concentrated enzyme solu- 
tions for short incubation periods, the action of 
Isotricha pectin esterase has been investigated over 
almost the whole pH range of its activity. The 
enzyme is most active at pH 8-6—8-8, which is well 
within the region in which pectin undergoes 
spontaneous chemical hydrolysis. 

Since the Isotricha extract converts pectic sub- 
stances chiefly into oligo-uronides, with very little 
galacturonic acid, the polygalacturonase of JIso- 
tricha must attack the polysaccharide chains either 
at random or perhaps preferentially at inner 
linkages. It should therefore be classified as a 
liquefying polygalacturonase (Deuel & Stutz, 
1958), as distinct from the saccharifying type 
which remove single galacturonic acid units from 
the ends of the chains. The splitting of tetra- 
galacturonic acid almost wholly into digalacturonic 
acid by the Isotricha extract supports this classifica- 
tion of the enzyme. As the enzyme has so far not 
been examined in the absence of pectin esterase, it is 
not possible to say whether it can attack a highly 
esterified pectin on its own; the glycosidic hydro- 
lysis of pectin by Isotricha extracts might take 
place after demethylation by the pectin esterase. 

A surprising finding in this work was that, 
although Isotricha possesses pectic enzymes, it 
appears to lack almost all capacity to ferment or 
otherwise utilize the products of hydrolysis. Thus 
sodium polypectate was hydrolysed to the extent 
of 42 % during incubation for 4 hr. with a protozoal 
suspension (Table 3), yet during the same period 
fermentation of the hydrolysis products into acids 
or gases was negligible (Fig. 3). The loss of total 
galacturonic acid during this 4 hr. period, 8 %, may 
be compared with unpublished observations by one 
of us (B.H.H.) that under comparable conditions 
Isotricha suspensions fermented 80—95 % of added 
glucose within 20 min. When protozoal suspensions 
were incubated with pectin some gas production 
was observed (Fig. 3). When, however, the methanol 
in the solution was measured at the end of the 
experiment, the corresponding acid groups liber- 
ated from the pectin accounted for almost all this 
additional gas, as carbon dioxide from the bi- 
carbonate buffer. As with the sodium polypectate, 
so the pectin was broken down into reducing 
sugars to a large extent, and the loss of total 
galacturonic acid was also small (Table 3). 
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At the end of the 4 hr. manometric experiments 
involving pectin, the protozoa were exposed to 
methanol in a concentration of about 50 yg./ml. 
The possible effect of methanol on the protozoa 
was the subject of a separate experiment, in which 
the substance was added to approximately twice 
the concentration found in the pectin experiments. 
The loss of methanol during 4 hr. was negligible, and 
the fermentation rate of the protozoa was the same 
as that of a control sample of the suspension (Fig. 3). 
The protozoa were normally active when examined 
microscopically at the end of the experiment, and 
it was concluded that the methanol produced by 
hydrolysis of pectin is not metabolized further by, 
and has no harmful effect on, the isotrichs. 

The ease with which the pectic enzymes diffuse 
out of the protozoal cells is demonstrated by the 
results of the experiment in which isotrichs were 
incubated in buffer alone, and then removed. The 
protozoa-free fluid was then shown to be as active 
in the hydrolysis of pectin and polygalacturonic acid 
as a suspension of living protozoa (Tables 3 and 4). 

While this work was in progress an investigation 
into the same problem was reported by Wright 
(1960). The suspensions of mixed protozoa from 
the bovine rumen, from which Wright prepared his 
enzyme extracts, contained both  oligotrichs 
(principally Epidinium species, which we have not 
examined) and holotrichs (Dasytricha and Iso- 
tricha). The properties which Wright reported for 
the pectin esterase in his material agree with our 
own findings, but the polygalacturonases in the 
two cases appear to differ, both in pH optimum 
[Wright (1960), pH 6-5—7-2; present work, pH 8-7— 
9-0] and in the end products of hydrolysis (Wright, 
almost wholly galacturonic acid from pectin, and 
galacturonic acid plus small amounts of oligo- 
uronides from low-methoxyl pectin; present work, 
mainly oligo-uronides, with little galacturonic acid, 
from both pectin and polygalacturonic acid). 
Perhaps the most probable cause of these dis- 
crepancies is the presence in Wright’s (1960) 
protozoal suspensions of pectolytic organisms, the 
individual properties of which are unknown. 

Some features of our results are very puzzling. 
Why Isotricha possesses enzymes for hydrolysing 
pectin but cannot use the products of hydrolysis, 
and why these enzymes have, in vitro, pH optima 
approximately two pH units above the pH of the 
normal milieu of the organism, are questions to 
which we cannot at present suggest answers. 


SUMMARY 


1. Extracts of the rumen Protozoa Entodinium 
caudatum, Dasytricha ruminantium and mixed 
Isotricha species have been tested for hydrolytic 
activity against pectic substances. 
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2. The E. caudatum extracts contained no 
pectin esterase or polygalacturonase activity, the 
D. ruminantium extracts contained both enzymes 
in low concentration, and the highest concentra- 
tions of both enzymes were found in extracts of the 
isotrichs. 

3. An improved method for measuring pectin- 
esterase activity, which involves the determination 
of methanol after diffusion in Conway units, is 
described. By the use of this method the Isotricha 
enzyme was shown to have maximum activity at 
pH 8-6-8-8. 

4. The extracts of D. ruminantium or mixed 
isotrichs decomposed pectin or polygalacturonic 
acid principally into oligo-uronides; very little 
galacturonic acid was produced. Polygalacturon- 
ase activity of the Isotricha extract was greatest 
at pH 8-7-9-0. 

5. Suspensions of living isotrichs readily hydro- 
lysed pectic substances. Galacturonic acid was the 
main product, and methanol also was produced 
from pectin. IJsotricha appears to possess little or 
no ability to ferment pectic substances or their 
hydrolysis products. 
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In Part 1 of this series (Neuberger, 1938) the 
preparation of a polysaccharide from hen’s-egg 
albumin was reported, and this was shown to con- 
tain mannose, glucosamine and an _ unidentified 
nitrogen-containing material. The study was 
initiated partly in order to investigate the nature 
of the protein—carbohydrate linkage, but this goal 
could not be achieved by the methods then 
available. Some progress has been made in this 
problem by more recent studies and Johansen, 
Marshall & Neuberger (1960) have given the most 
probable values for the mannose, glucosamine and 
acetyl contents of the whole protein and of a glyco- 
peptide isolated from it. The probability that these 
are the only sugars present was indicated. It is 
the purpose of this paper to describe the prepara- 
tion and some of the properties of this glyco- 
peptide, and to consider the nature of the chemical 
bond linking the carbohydrate to the protein. 
A brief description of this work was reported 
earlier (Johansen, Marshall & Neuberger, 1958). 
Cunningham, Nuenke & Nuenke (1957) and 
Jevons (1958) have also given short accounts of 
their findings on the same subject. 


EXPERIMENTAL 


Enzymic digestion of egg albumin. A 1% solution of egg 
albumin was denatured by heating on a boiling-water bath 
for 10 min. After equilibration at 37° the pH was adjusted 
to 2-8 with n-HCl and an aqueous solution of crystalline 
pepsin (Armour Laboratories, Hampden Park, Eastbourne) 
(pepsin:egg albumin, 1:20) was added. The pH was kept 
at 2-8 by the addition of further acid, and the rate of 
hydrolysis was followed by the ninhydrin method as 
described by Moore & Stein (1954), glycine being used 
as standard. Digestion was continued for 96 hr. After 
adjustment of the pH to 7-8 (N-NaOH), trypsin (Armour 
Laboratories) and chymotrypsin (Armour Laboratories) 
(enzyme:egg albumin, 1:100 for each enzyme) were 
added and the progress of the hydrolysis was followed for 
24hr. Finally a portion of an aqueous solution of a 
purified mould protease produced by Aspergillus oryzae 


* Part 2: Johansen, Marshall & Neuberger (1960). 
+ Present Clinical Research Unit, 
Children’s Hospital, Melbourne, Victoria, Australia. 
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(Crewther & Lennox, used 
albumin, 1:250, pH 7-8). 

In Table 1, the extent of hydrolysis undergone by the 
protein with the enzymes used successively is shown, on the 
assumption that the liberated peptides give rise to the same 
amount of colour as does glycine in the ninhydrin method 
of estimation. This assumption is only a crude approxima- 
tion; many small peptides appear to give molar colour 
yields of from 0-6 to 1-4 if compared with glycine or leucine 
(Moore & Stein, 1948; Ottesen & Villee, 1951; Dowmont & 
Fruton, 1952), whereas others give colour yields of up to 2 
(Yanari, 1956). The values obtained are therefore used only 
for comparative purposes and are devoid of exact quanti- 
tative significance. 

Solvents for paper chromatography. A number of solvents 
were used and each has been designated by a letter. 
Solvent A: butan-l-ol-water-acetic acid (63:17:10). The 
solvent was allowed to stand for 48 hr. and the upper layer 
only used (Campbell, Work & Mellanby, 1951). Solvent B: 
pyridine-amyl alcohol-water (35:35:30) (Edman, 1946). 
Solvent C: water-saturated phenol in an atmosphere of NH, 


1953) was (enzyme: egg 


Table 1. Rate of liberation of amino groups (nin- 
hydrin values based on glycine) during enzymic diges- 
tion of heat-denatured egg albumin 


Enzymes were used successively. 


Time of 
hydrolysis Hydrolysis{ 


Enzyme (hr.) (% 

Pepsin, pH 2-8 2 4-6 
4 7-5 

8 11-1 

12 12-2 

16 13-3 

24 15-3 

72 23-8 

96 27:3 

Trypsin and chymotrypsin, 1 30-2 
pH 7:8 2 31-9 
4 32:8 

8 33-0 

20 33-1 

Mould protease, pH 7:8 1-5 35-7 
3 36-6 

6 36°8 

12 37-4 

24 37-7 


{ Calculated assuming 387 peptide bonds/45 000g. 
(mol.wt.) of egg albumin (Warner, 1954). 
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(Partridge, 1948). Solvent D: 2-methylbutan-2-ol satur- 
ated with 0-05m-phthalate, pH 6-0 (Blackburn & Lowther 


1951). Solvent E: butan-1l-ol-pyridine-water (3:1:1) 
(Hough, Jones & Wadman, 1950). Solvent F: ethyl 
acetate-acetic acid—-water (3:1:3) (Jermyn & Isherwood, 
1949). Solvent G: prepared by adding ethyl acetate to the 
monophasic system, ethyl acetate-water—pyridine—-acetone 
(10:10:5:2), until two phases separated; the upper phase 
was used (Malpress & Hytten, 1958). 

The figures given above indicate proportions by volume. 


Preparation of glycopeptide 

Method 1. The protein was digested successively as 
described above, first by pepsin, secondly by trypsin and 
chymotrypsin together and finally by the purified mould 
protease, each enzymic digestion being stopped after 
24 hr. The hydrolysate was applied to a column prepared 
from a 1:1 (w/w) mixture of charcoal (Nuchar C-190, 
Kodak Ltd., Kirkby Trading Estate, Liverpool), containing 
8% of stearic acid (Asatoor & Dalgliesh, 1956), and water- 
washed Celite 535 (Johns-Manville Co. Ltd., London 8.E. 
11). The column was washed with water (about 1 1./76 g. 
column) and the carbohydrate was recovered by gradient 
elution with ethanol—water; it was found in the fraction 
containing between about 16 and 30 % of ethanol in water. 
As a standard method, a 76 g. column (14 em. x 4-7 cm.) of 
charcoal—Celite was used for the hydrolysate obtained by 
digestion of 2-5 g. ofegg albumin. Considerable purification 
was achieved by this procedure. In general there were 
between 10 and 30 atoms of nitrogen/5 moles of mannose 
over the various fractions. We have used 5 moles of 
mannose as a basis for determining the degree of purifica- 
tion of the glycopeptide because both the purified glyco- 
peptide and the whole protein appear to contain this 
amount of neutral sugar (Johansen e¢ al. 1960). Paper 
chromatography after acid hydrolysis (5-7N-HCl, 110°, 
16 hr.) revealed the presence of aspartic acid, glutamic acid, 
serine, threonine, leucine, valine, alanine and glycine. 
Sometimes also lysine, proline and arginine were found. 
The ethanol concentration in each fraction was measured 
by the microdiffusion method of Conway (1950). The 
nitrogen assays were carried out by the micromethod of 
Conway (1950) and the assays of carbohydrate by the 
Winzler (1955) orcinol method (see Johansen et al. 1960). 

The varying nitrogen:carbohydrate ratios over the 
carbohydrate-containing fractions indicated heterogeneity, 
which was confirmed by one-dimensional paper chromato- 
graphy in solvents A, B and C. Separation of the material 
into a number of distinct bands (ninhydrin) occurred in all 
of these solvents. The heterogeneity was confirmed by 
paper electrophoresis. 

The recoveries of carbohydrate from these charcoal 
columns varied between 50 and 100% and were not 
directly related to the size of the column. They tended to be 
higher when the same column was used repeatedly. 

The carbohydrate-containing solution was evaporated 
in vacuo to small volume and subjected to electrophoresis in 
a Porath (1956) column with Munktell cellulose powder 
(V. A. Howe and Co., 46 Pembridge Road, London, W. 11) 
at pH 7 in collidine—acetic acid buffer (Newton & Abraham, 
1954). The carbohydrate-containing material eluted from 
this column appeared to be homogeneous at the same pH 
by paper electrophoresis (Whatman 3MM paper, 10 v/cm., 
5 hr.). The apparatus used was similar to that described by 
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Wieland & Fischer (1948) and by Grassmann & Hannig 
(1952). The material containing the carbohydrate remained 
at the origin and was also the only ninhydrin-positive spot 
on the paper. This material, however, exhibited hetero- 
geneity at pH 2-3 (2N-acetic acid) on electrophoresis. 
Column electrophoresis in 2N-acetic acid was therefore 
carried out on the material from the pH 7 column. This 
material was shown to be homogeneous by paper electro- 
phoresis at all pH values from 2:3 to 8-0. 

The column size in both these electrophoresis experi- 
ments was about 100 cm. x 3 cm., the amount of Munktell 
cellulose being of the order of 250 g. Electrophoresis was 
carried out with a potential difference of 1000 v for about 
40 hr. Recoveries of carbohydrate were quantitative. The 
solution of the glycopeptide was freed from acetic acid by 
repeated evaporation and dried from the frozen state. 

Method 2. The digestion of the protein was carried out in 
the same way as described above, but with the mould- 
protease digestion omitted. Applying charcoal-—Celite 
chromatography to this, a somewhat different elution 
pattern of the carbohydrate was obtained. The digest was 
applied in water until the column was saturated with 
carbohydrate, 154mg. (measured as mannose) being 
retained by a 100 g. charcoal—Celite column (18 cm. x 5 cm.). 
After washing the column with 1-51. of water, elution of 
the carbohydrate was brought about by stepwise increase 
in ethanol concentration. Carbohydrate was eluted by 
ethanol concentrations between 20 and 50%. Over the 
various fractions the eluate contained from 164 to 210 
atoms of nitrogen/5 moles of mannose, a much smaller 
purification being achieved than when the mould protease 
was used. The total recovery from such a column was about 
58 % and attempts to elute more with ephedrine and phenol 
were unsuccessful. All this material was subjected to 
electrophoresis on Porath (1956) columns at pH 7-0 and 
at pH 2-3, of similar dimensions to those in the experi- 
ments described above. 

Dialysis was sometimes used to obtain the initial purifica- 
tion of the enzymic digest after decreasing the volume. 
This operation was carried out in 2} in. Visking dialysis 
tubing which had been previously heated in air at 90° for 
24 hr. (Callanan, Carroll & Mitchell,.1957). Distilled water 
(100 vol.) was used outside the dialysis sac, the latter 
being gently agitated. After dialysis for 24 hr. purification 
was achieved as indicated by a decrease in the nitrogen: 
mannose ratio from approx. 500 to a value between 91 and 
146 atoms of nitrogen/5 moles of mannose, for various 
experiments. Losses of carbohydrate were of the order of 
15-20%. 

Determination of the carbohydrate. The fractions col- 
lected from the column were tested in the first place by 
spot-testing. A portion (0-1 ml.) of each fraction was placed 
on a white tile, dried at 37° and 0-1 ml. of orcinol reagent 
(1 ml. of 1-6 % orcinol plus 7-5 ml. of 60%, v/v, H,SO,) was 
added. Heating of the tile in the oven at 80° for about 
10-15 min. gave rise to a red colour in those containing 
carbohydrate. The carbohydrate was then determined 
quantitatively in the orcinol-positive fractions (see 
Johansen et al. 1960). 

Carbohydrate spray. For purposes of recognizing carbo- 
hydrate on chromatography papers the aniline—diphenyl- 
amine-H,PO, spray of Schwimmer & Bevenue (1956) was 
used. The carbohydrate gave a blue-grey spot with this 
reagent. 
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Sialic acid determinations. These were carried out by 
means of the thiobarbituric acid method after hydrolysis in 
0-1n-H,SO, at 80° (Warren, 1959), on egg-albumin pre- 
paration M (Johansen e¢ al. 1960). As a control for. the 
sialic acid assay ovomucoid (Worthington Biochemical 
Sales Co., Freehold, N.J., U.S.A.; no. 01529) was used. The 
latter protein appeared to contain somewhat less than 
1 residue/28 800 g. 

N-Acetylglucosamine. This was prepared by the method 
of White (1940). [a]? at equilibrium +41-7° (water). 

Hydrazinolysis of the glycopeptide. Conditions similar to 
those employed by Niu & Fraenkel-Conrat (1955) were 
employed. Hydrazine (British Drug Houses Ltd., Poole, 
Dorset) was freshly distilled from NaOH flakes under 
anhydrous conditions twice immediately before use. 
A portion (0-25 ml.) of this hydrazine was then distilled 
into a dry tube containing 0-1ymole of the dry sample, and 
the tube was sealed under nitrogen and heated at 100° for 
8 hr. The reaction mixture was evaporated to dryness over 
cone. H,SO, in vacuo, dissolved in 0-5 ml. of water and 
extracted with A.R. benzaldehyde (3 x 0-4 ml.), shaken well 
and centrifuged. The aqueous phase, including washings of 
the benzaldehyde extracts, was evaporated to dryness and 
subjected to one-dimensional paper chromatography in 
solvent B. The chromatogram was sprayed with ninhydrin. 

Titration curve. A portion (1 ml.) of a solution in 0-1y- 
KCl of the glycopeptide prepared by the second method 
and containing 11-9 mg. of mannose was titrated. Hydro- 
chloric acid and NaOH were both 0-2N in 0-In-KCl. A 
microglass electrode was used in conjunction with a KCl 
salt bridge. The solution was stirred magnetically while the 
acid or alkali was added by means of an Agla syringe. The 
temperature was 23°. Appropriate corrections were made 
from results obtained by adding acid or alkali to volumes of 
0-1n-KCl similar to those used in the experiments. 


RESULTS 


Neuberger (1938) gave evidence that all the 
carbohydrate is present in egg albumin as one unit. 
This is substantiated in the present work by our 
obtaining a 100 % yield of carbohydrate (estimated 
as mannose) from the protein on some occasions, 
when the glycopeptide was prepared by the first 
method given. Chromatography in various sol- 
vents gave no indication of any separation of the 
material into two or more components. The glyco- 
peptide which was prepared by Method 1 was 
found to contain 8-7, 9-0, 8-5 and 8-6 atoms of 
nitrogen/5 moles of mannose in four different 
preparations, whereas two preparations prepared 
by the second method contained 9-5 and 9-2 atoms 
respectively. This difference is probably accounted 
for by the latter material containing valine, which 
was never found in the glycopeptide prepared by 
the first method. 

Sugar constituents of the glycopeptide. Some of 
the glycopeptide was hydrolysed in 0-005N- and 
0-01N-HCl at 100° for lhr. and the hydrolysate 
was subjected to paper chromatography (solvent 
A). All the carbohydrate remained at the origin. 
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No fucose was released. Hydrolysis in 0-5Nn-HOCl 
for 5hr. at 100° followed by paper chromato- 
graphy in solvent A indicated the presence of 
glucosamine (Elson—Morgan spray, Partridge, 
1948), N-acetylglucosamine (Morgan—Elson spray, 
Partridge, 1948) and mannose. After hydrolysing 
the glycopeptide in 4N-HCl at 100° for 8 hr. and 
chromatographing on paper in solvent B two spots 
were detected on spraying the chromatogram with 
the Elson—Morgan spray (Partridge, 1948). The 
faster one was glucosamine, the slower one having 
a colour intensity of the order of 5-10% of the 
glucosamine spot. We do not know the identity of 
the slower-moving material, but it is possible that 
it is an oligosaccharide containing glucosamine 
with free aldehyde and amino groups (see Johansen 
et al. 1960). This might be a product of partial 
hydrolysis (cf. Gardell, 1953) or as a result of 
acid reversion of previously liberated N-acetyl- 
glucosamine (see Foster & Horton, 1958). 

The absence of sialic acid in egg albumin was 
demonstrated by the Warren (1959) method. 

Amino acid constituents. Some of the glyco- 
peptide prepared by the first method was hydro- 
lysed in 5-7N-HCl at 110° for 16 hr. and revealed 
the presence of aspartic acid, serine, threonine, 
leucine and glucosamine by two-dimensional paper 
chromatography in solvents A and C. Traces of 
tyrosine were observed in some samples. One 
preparation of glycopeptide was subjected to 
Moore & Stein analysis (Moore & Stein, 1951; 
Eastoe, 1955) after hydrolysis in 5:7N-HCl at 
115° for both 18 and 36 hr. These results are given 
in Table 2, together with the values obtained by 
correcting to zero hydrolysis time. The correction 
has been applied assuming first-order kinetics for 
the decomposition (cf. Hirs, Stein & Moore, 1954). 
These corrected results may be in error if the 
destruction of a particular amino acid varies with 
its state of combination, a point which may be 
particularly relevant when considering the am- 
monia which we have observed is liberated on acid 
hydrolysis. This will be discussed below. As well as 


Table 2. Analytical data for Moore & Stein analysis 
of hydrolysate (5:7N-hydrochloric acid at 115°) of one 
sample of glycopeptide (prepared by Method 1) 


Mole/5 moles of mannose 
after hydrolysis 





Corrected to 

Hydrolysis time 18 hr. 36 hr. zero time 
Amino acid 

Aspartic acid 0-99 0-97 0-99 

Leucine 0-78 0-78 0-78 

Serine 0-30 0-28 0-32 

Threonine 0-33 0-31 0-35 

Tyrosine 0-14 0-10 0-20 

Glucosamine 1-68 0:79 —_— 
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the amino acids listed, alanine in a similar molar 
quantity to tyrosine, and glycine and glutamic 
acid in about one-quarter and one-tenth respectively 
of this amount, were found. 

The ultraviolet-absorption spectrum of 
sample of the glycopeptide prepared by Method 1 
was measured. There was little change in the 
absorption of the complex over the wavelength 
range 230-310 my, indicating that both tyrosine 
and tryptophan were absent in this sample. 

A portion of the glycopeptide prepared by the 
second method was shown by hydrolysis and paper 
chromatography to contain aspartic acid, leucine, 
valine, serine and threonine, with much smaller 
quantities of alanine, glycine and glutamic acid. 
Tyrosine was not found. 

‘Amide’ nitrogen. Hydrolysis of a sample of the 
glycopeptide (Method 1), containing 0-80 umole of 
mannose, in N-H,SO, at 100° for 4 hr. liberated 
0-15 umole of ammonia. This was distilled, with 
half-saturated K,CO, (Tracey, 1952), at 5° and 
assayed by the photometric ninhydrin procedure of 
Moore & Stein (1954). Thus under these conditions 
1 mole of glycopeptide (containing 5 moles of 
mannose) gives rise to 0-94 mole of ammonia. 

When an amount of the glycopeptide equivalent 
to 4umoles of mannose was hydrolysed in 4nN-HCl 
at 100° for 8 hr., the equivalent of 1-55 moles of 
ammonia/5 moles of mannose was produced. That 
this was indeed ammonia was shown by column 
chromatography on Dowex-50X8 resin (Moore & 
Stein, 1951; Eastoe, 1954), with 0-2m-buffers 
(sodium citrate, pH 5-0, sodium phosphate, pH 6-7, 
and sodium citrate, pH 6-5, successively). 

A sample of the glycopeptide (Method 2), con- 
taining 1-56 mg. of mannose, was hydrolysed in 
2n-HCl for 3 hr. and, after removal of excess of 
HCl, steam-distilled with saturated sodium borate 
in saturated Na,PO, (Tracey, 1952). The distillate 
contained 113 ug. of ammonia nitrogen, equivalent 
to 4-7 equiv./5 moles of mannose. This includes 
ammonia liberated from the alkaline degradation 
of glucosamine (see Marshall & Neuberger, 1960). 
The latter probably accounts for three residues 
(Johansen et al. 1960) so that 1-7 residues are 
present as ammonia in the hydrolysate. 

The amount of ammonia produced on acid 
hydrolysis was directly assayed by precipitating it 


one 


‘ as phosphotungstate (Berlin, Neuberger & Scott, 


1956; Johansen e¢ al. 1960). A quantity of glyco- 
peptide equivalent to 3:45 mg. of mannose was 
hydrolysed in 2n-HCl for 3hr. and the steam- 
volatile base arising from the phosphotungstic acid 
precipitate by decomposition with alkali was deter- 
mined. There were the equivalent of 1-6 moles of 
ammonia/5 moles of mannose. The question arose 
whether a mixture of the constituent amino acids 
and sugars in the glycopeptide would give rise to 
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ammonia when hydrolysed in acid. A control 
experiment was therefore carried out by heating 
mannose, N-acetylglucosamine, aspartic acid, 
leucine, serine and threonine in the molar ratios 
5:3:1:1:0-5:0-5 in 2N-HCl for 3 hr. The precipi- 
tate produced with phosphotungstic acid was 
negligibly small. It is possible, however, that the 
constituents of the glycopeptide exhibit a different 
stability in their combined state. 

Carbon dioxide was not liberated during the 
course of acid hydrolysis in 2N-HCl (Van Slyke 
apparatus for determination of carbon dioxide). 

Paper chromatography of the glycopeptide. With 
Whatman no. 1 and no. 3MM paper, the behaviour 
of the glycopeptide in a number of solvents was 
observed. No movement from the origin was noted 
with solvents A-F. The glycopeptide, however, did 
move in solvent G, although accompanied by some 
streaking, as shown by spraying the paper with 
ninhydrin. The streaking observed may be attri- 
butable to the carbohydrate molecules having 
differing lengths of peptide chain attached to it, an 
assumption which has been referred to before. 

N-Terminal amino acid. Egg albumin has been 
reported to have no free N-terminal amino group 
(Desnuelle & Casal, 1948; Porter, 1950; Fraenkel- 
Conrat, 1953; Steven & Tristram, 1958). It has 
been suggested (Porter, 1950) that the carbohydrate 
moiety in the protein might be blocking the N- 
terminal amino group and, indeed, our preliminary 
results on the glycopeptide appeared to substanti- 
ate this. More extensive studies, however, indi- 
cated that this was not the case. When a sample of 
glycopeptide was allowed to react with 1-fluoro- 
2:4-dinitrobenzene (FDNB) in ethanolic trimethyl- 
amine at room temperature for 2 hr. (Sanger & 
Thompson, 1953), no dinitrophenyl (DNP)-amino 
acid could be detected on acid hydrolysis of a portion 
of the reaction mixture. That this was not due to 
destruction during the acid hydrolysis of a DNP- 
amino acid which had been formed was shown by 
purifying the remainder of the reaction mixture on 
a charcoal—Celite column. The resulting carbo- 
hydrate was shown on acid hydrolysis (5-7N-HCl, 
110°, 16 hr.) to contain the amino acids in approxi- 
mately the same amounts as in the original material. 

Reaction of the glycopeptide with FDNB under 
slightly more vigorous conditions, namely at 37° 
for 6hr. in 0:05m-sodium phosphate, pH 8-0, or 
0-05 M-ammonium bicarbonate—0-05 M-ammonium 
acetate buffer, pH 8, gave rise to a glycopeptide 
having an absorption maximum at a wavelength 
of 35004 in 1% NaHCO, solution. Assuming that 
the extinction of a 20 um solution of the DNP-glyco- 
peptide is 0-31 at 35004 (Sanger, 1949), it was found 
in two separate experiments that 0-82 and 0-83 
dinitropheny] residues had been taken up per 5moles 
of mannose. 
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That the DNP-peptide was still attached to the 
carbohydrate was indicated by the following pro- 
cedures. Paper chromatography in solvent D gave 
a strong-yellow band at the origin, a band due to 
dinitrophenol and two faint, fast-moving bands. 
Carbohydrate was present only in the band at the 
origin. This material was eluted with 1% NaHCO, 
and was used for measuring the ultraviolet ab- 
sorption. This material was made 1-5n in HCl and 
extracted with redistilled ethyl acetate and with 
ether. No yellow material was extracted into the 
organic solvent. The yellow due to the dinitro- 
phenyl group and the carbohydrate were insepar- 
able by paper electrophoresis at pH 2 (8v/cm., 
2-5 hr.) and pH 7 (10v/cm., 3 hr.) and by paper 
chromatography in solvents B and G. Only on 
paper chromatography in solvent G was any 
movement observed. 

These experiments were carried out in general on 
material that contained no tyrosine, and hydrolysis 
of the DNP-glycopeptide in acid solution (12 hr., 
5-7N-HCl, 100°) gave rise to DNP-aspartic acid as 
the only DNP-amino acid, in a yield of about 0-4 
residue/5 moles of mannose. This would appear to 
indicate a destruction of about 60% of DNP- 
aspartic acid, a somewhat greater lability than that 
of pure DNP-aspartic acid (Porter, 1957) and due 
presumably to the effect of carbohydrate under the 
hydrolytic conditions we have used. The peptide 
therefore seems to have aspartic acid as the N- 
terminal constitutent. In one sample of the glyco- 
peptide traces of ON-di-DNP-tyrosine were also 
found as well as DNP-aspartic acid. 

During the course of this work with FDNB some 
evidence of the alkali instability of the carbo- 
If the glyco- 
with 


hydrate—protein bond was found. 
peptide were treated for 3hr. 
ammonia at pH 9 or above at room temperature, 
followed by reaction with FDNB in 
trimethylamine at room temperature, then forma- 
tion of a DNP-derivative was observed. This is in 
contrast with the negative result obtained when the 
prior alkaline treatment was omitted. Reaction 
occurred also when the glycopeptide was caused to 
react with FDNB in ethanolic trimethylamine at 
37° for 16hr., but paper chromatography in 
solvent D gave rise to a number of yellow spots. 
Furthermore, paper electrophoresis in collidine— 
acetic acid buffer (pH 7) gave rise to a DNP- 
peptide which separated from the carbohydrate. 
This is presumably caused by the lability of the 
glycopeptide under the more alkaline conditions 
used during treatment with FDNB. 

Action of carboxypeptidase. With a sample of 
glycopeptide that had been prepared by Method 1, 
carboxypeptidase was found to 
acids in the order serine, threonine and leucine. In 
no case was aspartic acid liberated. This would 


aqueous 


ethanolic 


release amino 
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agree with the sequence of amino acids being 
Asp. Leu. (Ser. Thr.), as suggested by the analytical 
data given in Table 2. [For definition of abbrevia- 
tions used for amino acids see Biochem. J. (1957), 
66, 6.) Treatment of the glycopeptide with carboxy- 
peptidase for 3 days followed by purification on a 
charcoal—Celite column yielded material which on 
paper electrophoresis in 2N-acetic acid revealed a 
number of ninhydrin-positive spots. Column 
electrophoresis of similar material gave carbo- 
hydrate-containing fractions in the eluate which 
contained approximately 1 mole of aspartic acid) 
5 moles of mannose and traces of serine and threo- 
nine, but apparently without any leucine. This is 
not consistent with the deductions made above. 

Some of the glycopeptide prepared by Method 2 
was subjected to the action of carboxypeptidase 
[glycopeptide(mannose) : carboxypeptidase, 20:1). 
Measurement of the rate of reaction indicated that 
after periods of 1, 6-5, 11, 23 and 32hr., the 
amounts of amino acid liberated were 0-56, 0-92, 
0-92, 0-89 and 0-88 mole/5 moles of mannose, 
based on ninhydrin measurements with leucine as 
standard. Thus the reaction was complete at 
6-5 hr. Addition of a further similar quantity of 
carboxypeptidase did not increase the extent of 
reaction. The digest was subjected to electro- 
phoresis in a Porath column at pH 3-5, with a four- 
fold dilution of the pyridine—acetic acid buffer of 
Michl (1951). After hydrolysis (5-7N-HCl, 110°, 
16 hr.) the glycopeptide was found to contain 
aspartic acid, leucine and serine with very small 
traces of valine, threonine, glycine, alanine and 
glutamic acid. The main effect of the carboxy- 
peptidase on this glycopeptide would therefore 
seem to be in removing valine from the peptide 
chain. The carboxypeptidase-treated glycopeptide 
was subjected to the action of crystalline papain 
(Kimmel & Smith, 1954) that had been prepared by 
Dr J. R. Kimmel and given to us by Dr Helen 
Muir. No reaction ensued at 50° during 16 hr. 
The addition of urea to a final concentration of 8m 
also failed to cause any enzymic digestion of the 
glycopeptide by papain so that hydrogen-bonding 
would not appear to be responsible for its stability 
to this enzyme. 

Hydrazinolysis. Hydrazinolysis of some of the 
glycopeptide prepared by Method 1 gave rise to 
leucine, serine and threonine. It is most likely that 
the three amino acids result from varying lengths of 
peptide chain attached to the carbohydrate moiety. 

Titration curve of the glycopeptide. Some of the 
glycopeptide which had been prepared by Method 2 
was titrated in potassium chloride (I 0-1). In 
Fig. 1 are shown the experimental points obtained 
when the proton uptake or loss/5 moles of mannose 
is plotted against pH. Points obtained on changing 
the pH both from 2-0 to 8-5 and back to 2-0 have 
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been included. The line has been drawn from 
the Henderson—Hasselbalch equation assuming 


1:05 equiv. each of two groups with respective pK 
values of 3-5 and 6-7. There is good agreement 
between the calculated and experimental points 
between pH 2-0 and 7-8 and the results obtained 
between 7-8 and 9-0 suggest either that a new 
acidic group is formed by decomposition of the 
complex at higher pH values or that the glyco- 
peptide contains a further ionizable group with a 
pK value of about 9-5. 


DISCUSSION 


The findings reported in this and the two earlier 
papers of this series lead to the conclusion that the 
carbohydrate residues in the albumin of the hen’s 
egg are present as a single polysaccharide unit 
linked to the peptide chain(s) by one or, less likely, 
several bonds. In the second paper (Johansen e¢ al. 
1960) the mannose content of egg albumin as 
determined by colorimetric methods was reported 
to be 2%, which is equivalent to 5 mannose re- 
sidues/mole of egg albumin. This value has been 
confirmed by isolation of the mannose as phenyl- 
hydrazone and by a method based on isotope 
dilution with carrier [#4C]mannose (C. Francois, 
R. D. Marshall & A. Neuberger, unpublished work). 
The glycopeptide, the isolation of which is de- 
scribed in the present paper, was found to have 
5 mannose residues/mole of aspartic acid (Johansen 
et al. 1960). The number of amino sugar residues is 
not established with certainty, but it is highly 
probable that both the protein and the glycopeptide 
contain 3 glucosamine residues. With regard to the 
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Fig. 1. Titration curve of a sample of the glycopeptide. 
The points represent some of the experimentally determined 
results with appropriate corrections for titration of the 
solvent. The continuous line indicates the theoretical 
values obtained by assuming there are 1-05 equiv. each of 
lonizing groups with pK values of 3-5 and 6-7 respectively. 
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acetyl groups the position is different. Hydrolysis 
of the protein gives rise to 4 molecules of acetic 
acid, whereas only 3 acetyl residues could be demon- 
strated in the glycopeptide. As has been stated by 
Johansen et al. (1960), the three acetyl groups in the 
glycopeptide are almost certainly present as N- 
acetylglucosamine, whereas the fourth acetyl 
group in the protein is likely to be combined with 
the terminal group of the peptide chain. 

A polysaccharide containing 5 mannose and 3 
acetylglucosamine residues has a molecular weight 
of 1440 and a nitrogen content of 2-9%. The 
material isolated by Neuberger (1938) was pre- 
pared by prolonged hydrolysis of egg albumin with 
‘pancreatin’ and contained between 4:85 and 5-1% 
of nitrogen and almost certainly contained in 
addition to the hexoses mentioned 1 residue of 
asparagine and | residue of another nitrogenous 
compound which could be another amino acid or, 
what seems less likely, another residue of amino 
sugar, giving a molecular weight of 1650-1700. The 
molecular weight of the material then isolated was 
estimated by an isopiestic method and was found 
to be, after a small correction for mineral matter, 
between 1250 and 1275 (Neuberger, 1938). After 
that paper had been published the molecular- 
weight estimation was repeated with a sample that 
had been precipitated three times by addition of 
ethanol to a concentrated aqueous solution. The 
molecular weight now obtained without 
correction, between 1450 and 1500. These figures are 
still lower than those calculated, but the dis- 
crepancy of about 10% is most likely caused by 
the presence of minute amounts of impurities of 
low molecular weight. These values and the close 
correspondence between the analytical results 
obtained with the whole protein and with the 
glycopeptide render unlikely the possibility that 
more than one polysaccharide is combined with the 


was, 


peptide chain in egg albumin. 


Nitrogenous compounds in the glycopeptide 


The glycopeptide contained between 8-5 and 
9-5 atoms of nitrogen, the higher values being 
obtained by a method not involving the use of the 
mould protease. We must conclude that samples 
prepared by Method I, i.e. those not containing 
valine, have at least 8 nitrogen atoms/5 moles of 
mannose. The material prepared in 1938 by the 
action of a crude mixture of proteinases and peptid- 
ases had approx. 5% of nitrogen and, judging 
from the analytical values for non-amino sugar then 
obtained, contained 5-5—-6-0 atoms of nitrogen/ 
5 moles of mannose. Three of the 6 or 8 nitrogen 
atoms respectively can be definitely accounted for 
by glucosamine and a fourth nitrogen atom by 
aspartic acid. Already in 1938 it was shown that 
appreciable amounts of ammonia are liberated on 
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hydrolysing the glycopeptide with acid, and in this 
paper it is shown that hydrolysis with n-sulphuric 
acid gives rise to approximately 1 mole of am- 
monia. This is likely to arise from an asparagine 
residue, but as the presence of asparagine has not 
been directly demonstrated, this must remain an 
inference. In any case the amount of ammonia 
obtained increases with the length of hydrolysis 
and strength of acid used; thus it may be as much 
as 1-7 moles with 2N-hydrochloric acid. The values 
obtained for amino acids, other than aspartic acid 
(Table 2), amount to another 1-64 equiv., so that 
a total of about 7-5 atoms of nitrogen are accounted 
for by hydrolysis products. There is thus still a 
deficiency of approximately 1 atom of nitrogen. In 
addition, the question of the origin of the ammonia, 
which is liberated in excess of 1 mole on extensive 
hydrolysis, arises. There are several possibilities to 
be considered : 

(1) The amounts of amino acids obtained by the 
Stein & Moore method after hydrolysis with 
5-7N-hydrochloric acid at 115° may give too low an 
estimate of the quantities of amino acid residues 
actually present in the glycopeptide. The rate of 
destruction of these amino acids, when combined 
with the polysaccharide, might be much greater 
than is indicated by control experiments in which 
the free amino acids are heated with acid in the 
presence of mannose and glucosamine. This 
destruction would give rise to ammonia and thus 
explain the high values obtained for this base. If 
indeed 1 mole each of serine and threonine were 
present in the glycopeptide the total nitrogen value 
would be fully explained. It is hoped to explore 
this possibility further, if enzymes can be found 
which split the relevant peptide linkages effectively. 

(2) In Johansen et al. (1960) the difficulties 
inherent in the hydrolysis of compounds containing 
amino sugar were discussed and it was pointed out 
that the yield of free amino sugar is unlikely ever to 
be fully identical with the theoretical value, as it 
must depend on the relative rates of splitting of the 
amide group and that of the glycosidic linkage and 
the rate of destruction of the amino sugar. The 
possibility that the glycopeptide contains a fourth 
residue of amino sugar can therefore not be 
lightly dismissed. As only three acetyl groups were 
found in the glycopeptide, such a fourth residue 
would either have to have a free amino group or 
the amino group would have to be combined with 
one of the carboxyl groups of aspartic acid. The 
latter possibility will be discussed below, but the 
assumption of a free glucosamine amino group is 
compatible with the titration results (Fig. 1), which 
suggest that the glycopeptide has two groups 
ionizing in the range pH 6-0-10-0, one of which is 
almost certainly the amino group of aspartic acid, 
whereas the other may be the amino group of a 
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glucosaminide. If a non-acylated glucosamine 
residue were to be present in the glycopeptide, its 
glycosidic bond would be extremely resistant to 
hydrolysis and the rate of destruction of the free 
glucosamine (which would probably yield am. 
monia) might be equal to its rate of liberation. 

(3) The last possibility to be considered is that 
the glycopeptide contains a nitrogenous com- 
ponent, additional to those identified at present, 
and that this compound gives rise to ammonia on 
treatment with strong acid. We have not found any 
evidence for the presence of an unknown or un- 
identified ninhydrin-reacting substance in glyco- 
peptide hydrolysates, but the hypothetical sub- 
stance or grouping may be destroyed during 
hydrolysis or may be ninhydrin-negative. We have 
considered the possible presence of an amino- 
uronic acid, but, unless its carboxyl group were 
blocked, this should show up in the titration curve. 
There is only one acidic pK and this must corre- 
spond to the terminal carboxyl group of the peptide 
chain. The possibility of a ureido group was also 
considered, but during the hydrolysis of such a 
linkage the liberation of ammonia should be 
paralleled by evolution of carbon dioxide. This was 
not the case. Although there is thus no evidence 
for a nitrogenous compound in addition to those 
identified, the possibility of its being present 
cannot as yet be excluded. 


Sequence of amino acids in the glycopeptide 

The complete sequence of amino acids cannot be 
deduced with certainty from the present results. 
However, in almost all our preparations the amino 
group of aspartic acid was the only group reacting 
with fluorodinitrobenzene and it must be concluded 
that aspartic acid is N-terminal. The resulting 
DNP-peptide was apparently still attached to the 
carbohydrate and it must therefore be assumed 
that the linkage to the polysaccharide is through 
one of the carboxyl groups. As aspartic acid is 
most probably linked to the adjacent amino acid 
by an ordinary peptide linkage, it follows that it is 
the B-carboxyl group which is linked to the poly- 
saccharide. The observation that free aspartic acid 
is not liberated by carboxypeptidase and the 
results of the hydrazinolysis experiments are in 
agreement with this general deduction. In one 
sample of glycopeptide there was found on hydro- 
lysis ON-di-DNP-tyrosine in addition to DNP- 
aspartic acid. It would thus appear that in the 
protein the amino group of the carbohydrate- 
bonded aspartic acid is linked to the carboxy! 
group of tyrosine. 

Material not treated with mould protease con- 
tained valine in addition to aspartic acid, leucine, 
serine and threonine and this valine residue was 
easily removed with carboxypeptidase. It would 
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thus appear that valine is C-terminal in these pre- 
parations. The sequence of the other three amino 
acids is less certain. The results shown in Table 2 
indicate that leucine is present in a hydrolysate in 
much greater quantity than serine or threonine. If 
these amounts reflected the relative proportions of 
the amino acid residues present in the unhydro- 
lysed glycopeptide preparation it would follow that 
the latter consisted of a mixture of compounds 
having in common the aspartic acid— or aspara- 
gine-carbohydrate structure, but differing with 
respect to the number of amino acid residues in the 
peptide chain. It would also follow that leucine 
follows aspartic acid. However, as pointed out 
above, the rates of destruction during hydrolysis 
of the amino acid may vary greatly and the molar 
amounts of the residues in the glycopeptide may in 
fact be almost unity. In addition, the observation 
that the glycopeptide isolated after exhaustive 
treatment with carboxypeptidase contained some 
threonine and serine, but no leucine, is not com- 
patible with the assumption that leucine is ad- 
jacent to aspartic acid. It would appear therefore 
that the sequence is 


Tyr.Asp (carbohydrate) .(Leu.Ser.Thr). Val. 


This deduction agrees with the findings of 
Nuenke & Cunningham (1959), who have also 
reported that the valine is followed by a second 
leucine residue. Rosevear & Smith (1958) also 
obtained evidence that aspartic acid is linked with 
the carbohydrate in human y-globulin. 


Polysaccharide—peptide linkage 

The discussion so far has shown that there are 
still some gaps in our knowledge of the composition 
and structure of the egg-albumin glycopeptide. 
Thus we cannot exclude the possibility of the 
presence of a nitrogenous component so far un- 
identified or of a fourth amino sugar residue; nor 
can we be sure of the origin of the ammonia which 
appears on hydrolysis. Moreover, we are com- 
pletely ignorant about the linkages between the 
hexose and hexosamine units. It may be profitable, 
however, at this point, to consider likely structures 
for the bond joining the peptide chain with the 
polysaccharide unit; this is possible if it is assumed 
that only identified components, i.e. N-acetyl- 


‘ glucosamine or glucosamine, mannose, aspartic 


acid and ammonia have to be taken into account. 
The glycopeptide has no reducing group and it 
appears highly probable that the reducing end, 
which may be either a mannose or a glucosamine 
unit, is involved in the linkage with the peptide. 
All the evidence indicates that the amino acid 
which is closest to the polysaccharide is aspartic 
acid. The relatively facile evolution on acid hydro- 
lysis of at least 1 mole of ammonia is compatible 
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with the belief that ammonia originates from an 
amide linkage, although asparagine itself has not 
been isolated from a glycopeptide hydrolysate. The 
titration curve shows only one pK in the acid 
region, and this must be ascribed to the terminal 
carboxyl group of the peptide, the presence of 
which is also indicated by the carboxypeptidase 
experiments. The most probable structure arising 
from these considerations is that of an acylated 
glycosylamine in which the acyl group is provided 
by one of the two carboxyl groups (probably the 
B-carboxyl) of aspartic acid. Such a structure is 
not novel amongst natural products as it is closely 
similar to that of an intermediate in purine bio- 
synthesis, i.e. the glycinamide ribotide (N-glycyl- 
5’-phosphoribofuranosylamine; Peabody, Gold- 
thwait & Greenberg, 1956; Hartman, Levenberg & 
Buchanan, 1956). The pK, of 6-7 is also in agree- 
ment with that suggestion. The proposed structure 
is that of a substituted aspartic diamide, and where- 
as the pK of that type of compound is not known, 
it might be expected to be similar to that of the 
diethyl ester of aspartic acid, for which pK 6-5 has 
been reported (Edsall & Blanchard, 1933). How- 
ever, the titration curve (Fig. 1) indicates that the 
glycopeptide has probably a third pK of 9-0—9-5, 
and this cannot as yet be explained with certainty. 

The aspartylglycosylamine structure explains 
many or most of the known facts, but, as direct 
proof is lacking, it must be regarded at present as 
a tentative proposal. We have considered other 
possibilities such as a linkage between an aspartic 
acid carboxyl group and an amino group of glucos- 
amine. However, such a structure would require a 
fourth amino sugar residue, the existence of which 
is possible but for which no positive evidence 
exists; it would also increase our difficulties in 
explaining the origin of the ammonia and it would 
further raise the problem of how the reducing end 
group is blocked. Similar objections can be raised 
against the suggestion that the carboxyl group of 
aspartic acid is combined with a hydroxyl group in 
the polysaccharide. The possibility was also con- 
sidered that the hydroxyl group of serine or threo- 
nine is combined with C-1 of a sugar residue. 
However, the fact that a large fraction of these 
amino acid residues can be split off by carboxy- 
peptidase without apparently severing the link 
between the aspartic acid and the polysaccharide is 
not compatible with this suggestion. It thus appears 
that the acyl glycosylamine structure is the most 
reasonable hypothesis that can be put forward at 
present. 


SUMMARY 
1. The preparation of a glycopeptide from egg 


albumin has been described, in which enzymic 
digestion of the protein is followed by chromato- 





graphy on charcoal—Celite columns and electro- 
phoresis on Porath cellulose columns. 

2. Evidence is presented showing that the poly- 
saccharide is present in the whole protein as a 
single unit. 

3. The main constituents of this glycopeptide 
have been quantitatively analysed and found to be 
mannose, 5 residues; glucosamine, 3; acetyl, 3; 
aspartic acid, 1; leucine, 0-78; serine, 0-32; threo- 
nine, 0-35. The possibility has been discussed that 
these values may not represent accurately the 
composition of the isolated glycopeptide. 

4. Experiments with fluorodinitrobenzene have 
shown that aspartic acid is N-terminal in the 
peptide chain (with traces of N-terminal tyrosine in 
some samples). These results, together with those 
obtained with carboxypeptidase and by hydr- 
azinolysis, are in agreement with the sequence 
Tyr.Asp (carbohydrate) .(Leu.Ser.Thr). Val. The 
carbohydrate seems to be linked to aspartic acid 
through one of its carboxyl residues, probably the 
B-group. 

5. Titration-curve data indicate the presence of 
a group with pK 3-5 and another with pK 6-7. 
These represent the ionization of the C-terminal 
and N-terminal groups respectively. The possible 
presence of a third group with pK about 9-5 
cannot be excluded with certainty. 

6. Acid hydrolysis of the glycopeptide gives 
rise to the formation of ammonia: approximately 
1 residue is produced by hydrolysis in N-sulphuric 
acid at 100° for 4 hr., increasing to about 1-7 equiv. 
after hydrolysis in 2N-hydrochloric acid at 100° for 
3 hr. The possible sources of this ammonia have 
been discussed. 

7. The nature of the linkage between the poly- 
peptide and the carbohydrate in the whole protein 
has been considered. The most likely structure from 
our evidence is that of a B-aspartylglycosylamine, 
but this suggestion must be regarded as tentative at 
present. 
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Quantitative Studies on Mammary-Gland Enzymes 
Involved in Lactose Synthesis 


By F. H. MALPRESS 
Department of Biochemistry, The Queen’s University of Belfast 


(Received 28 July 1960) 


The steps by which lactose is synthesized from 
glucose in the mammary gland have been tenta- 
tively elucidated, and although for some of the 
stages the evidence is merely the demonstration of 
a theoretically suitable enzyme in the tissue, a 
scheme of synthesis has been proposed which 
probably accounts for about 70% of the lactose 
formed under normal conditions. The participation 
of alternative pathways responsible for the re- 
maining 30% of synthesis has been indicated by 
work in which the glucose and galactose moieties of 
lactose formed from [1-!4C]glucose or from labelled 
acetate showed a differential labelling; this could 
not have occurred if all the synthesis had followed 
the proposed major route. These problems of the 
biosynthesis of lactose have been discussed else- 
where (Malpress, 1958). 

It seemed possible that some confirmation of the 
mechanism of synthesis might be obtained by 
studying the variation in the activities of the 
postulated lactose-synthesizing enzymes in glands 
removed at different stages of lactation. In common 
with other enzymes involved in the synthesis of 
milk constituents (Moore & Nelson, 1952; Green- 
baum & Greenwood, 1954) their activities might be 
expected to vary directly with the amount of milk 


‘ produced, and in particular to increase for a 


period after parturition and to fall during a period 
of lactational decline. Hexokinase, which is the 
first enzyme required in the synthesis of lactose, 
has already been investigated in this way for the 
rat (McLean, 1958) and a clear parallelism has been 
shown between its activity in the gland and the 
lactational performance of the animal. 

This paper reports similar studies with mammary- 
gland homogenates on other enzymes of importance 


in lactose synthesis: phosphoglucomutase, uridine 
diphosphate glucose pyrophosphorylase and in- 
organic pyrophosphatase. 


METHODS 


Animals. Rats, mainly primiparous and weighing 240 
280 g., were killed at 0, 6 and 15 days after parturition; a 
further group was weaned from the litters 6 days after 
parturition and killed on the eighth day. Values for guinea- 
pig glands were obtained for 6- and 15-day intervals after 
parturition. 

After slaughter, the abdominal mammary glands were 
dissected, weighed and homogenized in a Nelco homogenizer 
for 2 min. with 10 vol. of 0-1M-2-amino-2-hydroxymethyl- 
propane-1:3-diol (tris)-HCl buffer, pH 7-4. This homo- 
genate was strained through muslin and the unhomogenized 
residue was blotted on filter paper and weighed. The 
amount of tissue homogenized under these conditions 
varied with the lactation status of the animal, approaching 
100% for individual guinea-pig glands in full lactation and 
falling to a mean value of 63 % for rat glands during involu- 
tion. Inspection of the unhomogenized residues showed 
that they consisted almost entirely of non-secretory tissue. 

Lactose in mammary-gland homogenates and correction for 
‘milk error’. Lactose was determined by the method of 
Malpress & Morrison (1949) on samples of the homogenate 
deproteinized with 0-3N-Ba(OH), and 5% ZnSO,. The 
lactose contents of rat and guinea-pig milks were derived 
from the equations of the regression lines of lactose on 
deoxyribonucleic acid phosphorus (DNA-P) for a series of 
glands at each lactation interval studied, as suggested by 
Greenbaum & Slater (1957a). True tissue weights, free from 
‘milk error’, were then calculated in the way outlined by 
these authors and form the basis on which all results in this 
paper are expressed. 

In rats killed on the eighth day after preliminary wean- 
ing, lactose values were frequently zero and no statistical 
value for lactose in the milk of such animals could be 





528 


obtained. These zero values were not always associated 
with a negligible retained fluid volume, however, and it 
seemed that an uncharacteristic lactose-free milk was 
present in some of the glands, for which lactose content was 
therefore a useless parameter for calculating retained fluid 
volumes and true tissue weights. For these animals true 
tissue weights were calculated instead from the mean 
DNA-P value of 14-3 mg./100 g. of mammary tissue ob- 
tained from a series of glands in the group which showed no 
sign of retained fluid. The formula used was: 


True wt. of tissue = 


observed DNA-P re 
i —(mg./100 g. of tissue). 





observed wt. x 


Deoxyribonucleic acid extraction. DNA was extracted 
from the homogenates by the modification of the procedure 
of Schneider (1945), used by Greenbaum & Slater (19575) 
for mammary-tissue suspensions, and estimated by the 
diphenylamine method (Dische, 1955) with a 3-min. 
heating time. After keeping the extract for 2 hr. in the 
dark at room temperature, readings were made at 595my 
on a Unicam SP. 600 spectrophotometer. 

Measurement of phosphoglucomutase activity. A solution 
(0-6 ml.) containing 6 mm-glucose 1-phosphate (dipotas- 
sium salt) and 2 mm-MgSO, in 0-1m-tris buffer, pH 7-4, was 
incubated with 0-4 ml. of the mammary-gland homogenate 
at 30° for 10min. The enzyme action was stopped by 
adding 1 ml. of 10% trichloroacetic acid. Similar tubes, 
unincubated, in which the addition of the trichloroacetic 
acid preceded the addition of the homogenate, gave initial 
control values. The conversion of labile phosphate pro- 
ceeded at a steady rate for at least 15 min. under these 
conditions and was unaffected by the addition of cysteine. 
The precipitated protein was centrifuged and washed twice 
with 1 ml. of 5% trichloroacetic acid, the original super- 
natant and the washings being combined and diluted to 
10 ml. Labile phosphate was estimated on samples of 
these solutions by the method of Fiske & Subbarow (1925) 
after hydrolysis with n-H,SO, for 10 min. at 100°. 

Measurement of inorganic-pyrophosphatase activity. A 
solution (0-2 ml.) containing 5mm-Na,P,0, in 0-1M-tris 
buffer adjusted to pH 7-4 was incubated for 5 min. at 30° 
with 0-8 ml. of the mammary-gland homogenate. Activity 
was stopped by the addition of 1 ml. of 10% trichloro- 
acetic acid. Control values were obtained from similar, 
but unincubated, tubes in which the addition of trichloro- 
acetic acid preceded the addition of the homogenate. The 
precipitated protein was washed with 2 ml. of 2-5% tri- 
chloroacetic acid, and pyrophosphate was estimated in the 
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combined supernatants and washings after selective pre- 


cipitation as manganese pyrophosphate. The rate of 


enzyme activity decreased after the first 5 min. and set a 
limit to the useful incubation period. 

Uridine diphosphate glucose-pyrophosphorylase activity. 
This was assessed by measuring the inorganic pyrophos- 
phate produced in 0-2 ml. of a solution containing 0-05m- 
glucose 1-phosphate and 5mm-uridine triphosphate 
(sodium salt, Nutritional Biochemicals Corp.) in 0-1m-tris 


buffer, pH 7-4, incubated for 10 min. at 30° with 0-8 ml. of 


the mammary-gland homogenate, to 10 ml. of which 1 ml. 
of 0-01m-ethylenediaminetetra-acetate (EDTA), pH 7-4, 
had been previously added. The addition of EDTA de- 
creased the inorganic-pyrophosphatase activity of the 
homogenates to approx. 20% of non-inhibited values. It 
has been shown by Munch-Petersen (1955) that EDTA has 
no effect on the rate of uridine diphosphate glucose 
(UDPG)-pyrophosphorylase activity, which, under the 
conditions used in these experiments, was constant for 


20 min. Activity was stopped by the addition of 1 ml. of 


10% trichloroacetic acid, control values being obtained 
from similar, unincubated solutions to which trichloro- 
acetic acid was added before the addition of the homo- 
genate. No pyrophosphate was formed in incubates con- 
taining either 0-05m-glucose 1-phosphate or 5 mM-uridine 
triphosphate as the sole substrate. The precipitated protein 
was washed with 1 ml. of 5% trichloroacetic acid, and 
1 ml. of a standard sodium pyrophosphate solution, con- 
taining 3lyg. of P/ril., was added to the combined supe:- 
natant and washing before pyrophosphate was estimated by 
selective precipitation as manganese pyrophosphate. This 
addition ensured that pyrophosphate values would fall 
within the 90% recovery range (see next section). 

Inorganic pyrophosphate. This was estimated in the 
deproteinized solutions by a modification of the method of 
Lehninger & Smith (1949) closely resembling that used by 
Kenney, Colowick & Barbehenn (1957). The precipitation 
of the pyrophosphate was, however, made from an initial 
volume of 4 ml., by the addition of 0-6 ml. of 2m-sodium 
acetate, 0-5 ml. of 10% MnCl, and 0-7 ml. of acetone; the 
final hydrolysis was carried out by heating in n-H,SO, for 
30 min. at 100°. Recovery of standard pyrophosphate was 
90+1% for the range 30-80yg. of P. 


RESULTS 


Lactose in retained fluids. Equations for the 
regression of lactose on DNA-P, the correlation 
coefficients r and the derived values for lactose in 


Table 1. Relationship between lactose and deoxyribonucleic acid phosphorus in rat 
and guinea-pig mammary glands 


DNA-P 
No. of Regression equation of (mg./100 g. wet 
Rat animals lactose on DNA-P r wt. of gland)f 
Lactating (< 18 hr.) 10 Lactose = 1-22 —0-078 (DNA-P) — 0-66 15-6 
Lactating (6 days) 10 Lactose = 2:27 —0-113 (DNA-P) — 0-60 20-1 
Lactating (15 days) 10 Lactose = 2-30 —0-105 (DNA-P) — 0-54 21-9 
Lactating (6 days) ) e .Q% 
Involuting (2 days) J 15 ¥ mies 1¢3 
Guinea pig 
Lactating (6 days) 10 Lactose = 2-77 — 0-095 (DNA-P) — 0-82 29-2 
Lactating (15 days) 20 Lactose = 3-13 - 0-109 (DNA-P) — 0-66 28-7 


* See Methods section. 


‘milk error’. 


+ Corrected for 
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* Corrected for residual inorganic-pyrophosphatase activity. 
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rat and guinea-pig retained fluids are given in 
Table 1. The values for lactose showed close agree- 
ment with the results of direct estimations on 
expressed milk samples. Calculated values are also 
given for tissue DNA-P. 

Enzyme activities. The relations of phosphogluco- 
mutase, inorganic-pyrophosphatase and UDPG- 
pyrophosphorylase activities to the lactation 
status of the rat mammary gland are shown in 
Fig. 1 (A—C). In all cases activity is expressed as 
pg. of P converted/g. wet wt. of tissue/min. The 
UDPG-pyrophosphorylase values are given both 
before and after correcting for the residual in- 
organic-pyrophosphatase activity found in the 
homogenates after the addition of EDTA and 
estimated as 20% of the true pyrophosphatase 
activity. Comparable values for the guinea pig for 
the sixth and fifteenth days of lactation are given 
in Table 2. 

DISCUSSION 


Lactose values for the retained fluids of rat 
mammary glands found in this study are in satis- 
factory agreement with the results of Greenbaum & 
Slater (1957a) except in the involuting gland. In 
this work the glands after 2 days’ involution were 
usually almost entirely free of retained fluid and 
gave homogenates with a negligible lactose con- 
tent; in a few animals retained milky fluid was 
obviously present in the gland but in these cases, 
too, lactose values were zero or less than 1 %. These 
results are in contrast with the value of 5-11 % for 
lactose in retained fluid of rat glands involuting for 
2 days, reported by Greenbaum & Slater (1957 a). 
It seems most likely that an initial rise in the 
lactose content of the retained fluid may follow 
weaning, owing to continuing metabolic activity, 
but that this activity slowly ceases and destruction 
or resorption of lactose subsequently causes a fall in 
lactose values. On this basis the discrepancy 
between these two series of results could be ex- 
plained by a difference in the extent and rate of 
these processes in the two colonies; in this con- 
nexion it may be noted that the mean percentage 
of retained fluid in the glands of rats used by 
Greenbaum & Slater after involution was 46 
compared with the value approaching zero found in 
this study. 

In the rat the relationships between the activity 
of the enzymes studied and the lactational status 
of the glands followed the pattern already found 
for hexokinase (McLean, 1958): a low activity at 
the start of the lactation, which increases over a 
period of 10 days with increasing milk production 
and falls sharply during a period of involution. 
This direct relationship suggests that all three 
enzymes are involved in processes of milk forma- 
tion in the gland. 
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It is not known whether the preparation of 
glucose 1-phosphate used in these experiments 
provided sufficient glucose 1:6-diphosphate to 
ensure maximal phosphoglucomutase activity. In 
terms of conversion of phosphorus, however, the 
relative activities of phosphoglucomutase, in. 
organic pyrophosphatase and UDPG-pyrophos. 
phorylase in these mammary homogenates were 
roughly 25:2:1. By the same criterion the phos- 
phoglucomutase activity shown in these experi- 
ments was twice as great as the hexokinase activity 
of mammary tissue found in the experiments of 
McLean (1958), and about one-tenth of the activity 
of phosphoglucomutase in rat-liver and rat-muscle 
homogenates measured in the presence of optimum 
glucose 1:6-diphosphate concentrations (Bodansky, 
1958). Guinea-pig mammary glands _ showed 
activities comparable with those of rat tissue for 
each of the enzymes investigated in this work. 


SUMMARY 


1. The variations in the activities of phospho- 
glucomutase, inorganic pyrophosphatase and uri- 
dine diphosphate glucose pyrophosphorylase in 
homogenates of rat mammary glands at different 
stages of lactation have been studied. 

2. In each case the activity varies directly with 
the milk-secretory activity of the glands. The 
results support the postulated participation of 
these enzymes in lactose synthesis. 


The author wishes to thank Mr J. McGrath for his 
technical assistance. 
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The Biosynthesis of Trehalose in the Locust Fat Body 


By D. J. CANDY anp B. A. KILBY 
Department of Biochemistry, University of Leeds 


(Received 28 July 1960) 


The haemolymph of a number of insects has been 
shown to contain the non-reducing disaccharide 
trehalose as the principal carbohydrate (Wyatt & 
Kalf, 1956, 1957). This is so in the desert locust, 


Yeast cells are also able to convert glucose into 
trehalose, and Cabib & Leloir (1958) have shown 
that yeast contains an enzyme which catalyses 
the reaction: 


uridine diphosphate glucose + glucose 6-phosphate = uridine diphosphate + trehalose phosphate. 


Schistocerca gregaria, the haemolymph of which 
may contain up to 2% of trehalose (Howden & 
Kilby, 1956). Treherne (1958a, 6b) demonstrated 
that the introduction of radioactive glucose into 
the alimentary canal or directly into the haemo- 
lymph of S. gregaria in vivo resulted in the appear- 
ance of radioactive trehalose in the haemolymph 
within a short time, but the site and mode of con- 
version of glucose into trehalose were not investi- 
gated. We have been able to show that the fat 
body is the most active tissue of the locust in this 
respect. 

The insect fat body is a conspicuous organ which 
extends throughout the abdominal and thoracic 
cavities, and consists of a loose meshwork of 
anastomosing lobes formed of sheets of single or 
double layers of yellow cells. It occupies the space 
between the gut and the body wall and is every- 
where in contact with the blood, so a ready inter- 
change of metabolites between fat-body cells and 
the blood would be expected. One function of the 
fat body which has long been recognized is that of 
a storage organ, since the cells become loaded with 
globules of fat, protein and glycogen during the 
development of the insect. Recently it has been 
shown that fat-body tissue is active in carrying out 
a number of different metabolic reactions (Kilby & 
Neville, 1957; Bellamy, 1958; Zebe & McShan, 
1959), and the organ may possibly be considered 
as an equivalent in some respects of the mam- 


. malian liver as a site of intermediary metabolism. 


For these reasons, it was thought that it might be 
involved in trehalose biosynthesis. 

Fat body forms a very convenient tissue for 
biochemical investigation as it is readily dissected 
from the insect and can be obtained almost free 
from other tissues. It was found that the fat body 
of S. gregaria would convert radioactive glucose into 
trehalose in vitro, and the subsequent preparation 
of active cell-free extracts from it facilitated the 
study of the pathway of trehalose biosynthesis. 


Their yeast preparation also contained a specific 
phosphatase for trehalose phosphate. 

In the present paper we describe the identifica- 
tion of similar enzymes in the fat body of S. 
gregaria, and also of other enzymes for the regener- 
ation of uridine diphosphate glucose and the forma- 
tion of glucose 6-phosphate. Parts of this work 
have been briefly reported elsewhere (Candy & 
Kilby, 1959, 1960). 


MATERIALS AND METHODS 


Locusts. Fifth-instar hoppers of the desert locust, S. 
gregaria Forskal, phase gregaria, were obtained from the 
Anti-Locust Research Centre, London, S.W. 7, and main- 
tained in cages at approx. 34° during a daytime period of 
16 hr. Heat and light were switched off for a night-time 
period of 8hr. During the early stages of the work, the 
locusts were fed on a mixture of fresh grass and an 
artificial diet. Later, however, they were fed solely on 
the artificial diet described by Howden & Hunter-Jones 
(1958). : 

Preparation of fat-body extract. Adult locusts were used, 
and 7-10 days after the final moult. The fat bodies were 
removed and homogenized with ice-cold water in a Potter 
Elvehjem blender. The homogenate was then centrifuged 
for 5min. at 1000g, forming an upper fatty layer, an 
aqueous layer and a sediment. The aqueous layer was with- 
drawn and a similar volume of ice-cold water was added to 
the residue. After mixing, this was again centrifuged at 
1000g for 5 min. and the aqueous layer was withdrawn and 
mixed with the aqueous fraction from the previous centri- 
fuging. The final volume was in the proportion of about 
0-5 ml./original fat body. This preparation was then freeze- 
dried and stored. When sufficient of this material had 
accumulated, it was dissolved in 0-1 ml. of water/original 
fat body and centrifuged at 12 000g for 30 min. (stage 1). 
The clear aqueous layer was then removed and dialysed for 
Shr. against three changes of distilled water at 5°. The 
dialysate was then freeze-dried and stored at -20° until 
used. 

Paper chromatography. Solvents used for the chromato- 
graphy of sugars were: solvent 1, propan-1-ol-ethyl acetate— 
water (7:1:2, by vol.) (Baar & Bull, 1953); solvent 2, 


34-2 
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ethyl acetate—water—pyridine (4:4:1, by vol.); solvent 3, 
ethyl acetate—water-acetic acid (3:3:1, by vol.); solvent 4, 
propan-l-ol-aq. NH, soln. (sp.gr. 0-88)—water (6:3:1, by 
vol.) (Hanes & Isherwood, 1949). Sugars were detected by 
the method of Trevelyan, Procter & Harrison (1950). 
Solvents used for the chromatography of sugar phosphates 
were: solvent 5, propan-2-ol-isobutanol-ag. NH, soln. 
(sp.gr. 0-88)—water (40: 20:1:39, by vol.) (Sato & Tsumura, 
1954); solvent 6, propan-2-ol-aq. NH, soln. (sp.gr. 0-88) 
water-trichloroacetic (75 ml.:0-3 ml.:25 ml.:5 g.) 
(Sato & Tsumura, 1954); solvent 7, acetone—aq. 35 % (w/v) 
monochloroacetic acid (6:4, v/v) (Sato & Tsumura, 1954); 
solvent 8, methyl Cellosolve—butan-2-one—aq. 3N-NH, 
soln. (7:2:3, by vol. plus boric acid to saturation) (Harrop, 
1958) was used for the separation of glucose 1-phosphate 
and glucose 6-phosphate. Sugar phosphates were detected 
by the method of Hanes & Isherwood (1949). Nucleotides 
were separated with two solvents described by Paladini & 
Leloir (1952): solvent 9, 95 % ethanol-m-ammonium ace- 
tate (pH 7-5) (15:6, v/v) and solvent 10, 95% ethanol 
M-ammonium acetate buffer (pH 3-8) (15:6, v/v). The 
nucleotides were detected by contact printing of the chro- 
matograms in ultraviolet light as described by Markham & 
Smith (1949, 1951). All chromatograms were developed on 
Whatman no. 4 paper, which was washed in 2N-acetic acid 
followed by water when sugar phosphates or nucleotides 
were to be separated. In all cases one-dimensional chro- 
matograms were developed, with the descending technique. 
Radioactive spots on chromatograms were detected by 
radioautography with Kodirex X-ray film. For measure- 
ment of radioactivity a spot was eluted into a known 
volume of water and a portion of the eluate was spotted on 
to a standard 3 cm. diameter circle of filter paper for which 
fitting planchets were available. The radioactivity was 
then measured with a thin-walled Geiger—Miiller tube. 
A statistical analysis of 16 results obtained by this method 
gave a standard deviation of 7-6%, which was acceptable 
for our purposes. 

Enzyme reactions were stopped by heating at 100° for 
3min., and the precipitated protein was removed by 
centrifuging before chromatography. 

Other analytical methods. Phosphate was estimated by 
the method of Fiske & Subbarow (1925) and acid-labile 
and total phosphate content of compounds were assayed as 
described by Leloir & Cardini (1957). Pentose was esti- 
mated by the method of Mejbaum (1939). 

Enzyme preparations. A crude trehalase preparation was 
made from locusts by the technique employed by Kalf & 
Rieder (1958), who used wax-moth larvae as starting 
material. Samples of alkaline phosphatase and hexokinase 
were purchased from L. Light and Co. Ltd. 

Special chemicals. Generally labelled p-[1*C]glucose was 
obtained from The Radiochemical Centre, Amersham, 
Bucks. Trehalose phosphate was isolated from dried 
brewer’s yeast (Robison & Morgan, 1928), and a sample was 
also received from Professor W. T. J. Morgan. DL-a- 
Phosphoglycerol was prepared from p.L-acetone glycerol 
according to the method of Baer (1952). Adenosine tri- 
phosphate (ATP), fructose 6-phosphate, glucose 1-phos- 
phate and glucose 6-phosphate were purchased from L. 
Light and Co. Ltd., and uridine triphosphate (UTP), 
uridine diphosphate (UDP) and uridine diphosphate 
glucose (UDPG) from the Sigma Chemical Co., Mo., 
U.S.A. 


acid 
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RESULTS 


Formation of trehalose from glucose by whole- 
tissue preparation of fat body. Fat body and other 
tissues were removed by dissection from decapi- 
tated locusts and used immediately. Our pre- 
liminary experiments were carried out on whole 

Fat-body tissue (17 mg.) was incubated 
with 0-01 ml. of a solution of generally labelled 
[“@C]glucose (0-2 uc) for 60 min. at 37°, and the 
products were separated by paper chromatography 
with solvent 1. The most conspicuous spot on the 
radioautograph of the chromatogram was that 


tissues. 


which corresponded in position with trehalose. 
Similar experiments were carried out on tissues of 
the leg muscle, haemolymph, crop, midgut and 
hindgut, but in no case was the spot corresponding 
to trehalose comparable in intensity with that 
obtained in the fat-body experiment. 

Formation of trehalose from glucose by a fat-body 
extract. A fat-body extract (prepared as described 
in the Materials and Methods section) was virtually 
inactive in catalysing the conversion of glucose 
into trehalose unless fortified with both ATP and 
UDPG. The enzyme preparation was incubated 
with ['4C]glucose, ATP and UDPG, and control 
reactions were also carried out (see Table 1). UTP 
was partially effective in replacing UDPG. 

The reaction products were separated by paper 
chromatography with solvent 1, and the radio- 
active spots corresponding to glucose and trehalose 
were then counted. When ATP alone was added to 
the system, most of the glucose gave rise to radio- 
active products other than trehalose. The radio- 
active trehalose was eluted and identified by co- 
chromatography with authentic trehalose in 
solvents 1, 2, 3 and 4. In all cases the radioactive 


Table 1. Activation of fat-body extract by adenosine 
triphosphate and uridine diphosphate glucose 


The reaction mixture consisted of 3 mg. of enzyme, 
0-lpmole of magnesium sulphate, 0-l1mole of [*C}- 
glucose (0-2 zc) and additions as shown, in tris (2-amino-2- 
hydroxymethylpropane-1:3-diol)-maleate buffer, pH 6-6, 
in a final volume of 0-06 ml. This was incubated at 37° for 
60 min. The figures given below refer to the radioactivity 
of the spots expressed as a percentage of the total radio- 
activity spotted on the chromatogram. 


Radioactivity 
in glucose 


Radioactivity 
in trehalose 


Additions (%) (%) 

None 1 76 
ATP, 0-5 pmole 14 5 
UDPG, 0-2 umole 2 75 
UDPG, 0-2 umole + ATP, 42 3 
0-5 pmole 
UTP, 0-2 umole + ATP, 37 6 


0-5 pmole 
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spot was found to be identical with the spot re- 
acting with silver nitrate in the detection method of 
Trevelyan et al. (1950). Also the rate of hydrolysis 
of the radioactive compound by a crude prepara- 
tion of trehalase was the same as that of the 
authentic material, and the product of such a 
hydrolysis was a compound chromatographically 
identical with glucose. 

Intermediates in trehalose formation. A complete 
reaction mixture (i.e. [*4C]glucose plus fat-body 
extract fortified with ATP and UDPG) was incu- 
bated at 37° and samples were withdrawn at various 
time intervals (see Table 2). 

The reaction products were separated by paper 
chromatography with solvent 1. When a chromato- 
gram was run for 16 hr., then the compounds with 
the highest R, values (glycerol, glucose and tre- 
halose) were separated. When a similar chromato- 
gram was developed in the same solvent for 72 hr., 
the compounds with high R, values ran off the end 
of the paper, and those with lower Rk, values were 
In this experiment a total of nine 
resolved in easily 
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separated. 
different 
detectable amounts. 

The identity of the glycerol and of the glucose 
was confirmed by co-chromatography with the 
authentic materials with solvents 1, 2 and 3. In 
all cases the radioactive spot was identical with the 
spot reacting with silver nitrate in the sugar- 
detection method. The identity of the trehalose 
had already been shown in a previous experiment 
(see above), but was confirmed by co-chromato- 
graphy in solvents 1, 2 and 3. The identity of «- 
glycerophosphate, fructose 6-phosphate, glucose 
6-phosphate and trehalose phosphate was con- 
firmed by co-chromatography with the authentic 
materials in solvents 5 and 6. After hydrolysis by 
alkaline phosphatase, fructose 6-phosphate gave 


compounds were 


Table 2. Products formed by the incubation of 
[“C]glucose with fortified fat-body extract 


Enzyme (19 mg.), 0-6 uzmole of [*C]glucose (0-015 moc), 
7-5umoles of ATP, 0-75 umole of UDPG and 0-4umole of 
magnesium sulphate in tris-maleate buffer, pH 6-6, and a 
total volume of 0-6 ml., were incubated at 37° and samples 
were removed at different times between 1 and 120 min. 
The compounds shown below were separated and identified 
as described in the text. The Rg values refer to the mobility 


‘ of the compounds in solvent 1 relative to that of glucose. 


Compound Re 
Glycerol 1-71 
Glucose 1-00 
Trehalose 0-58 
a-Glycerophosphate 0-33 
Fructose 6-phosphate 0-24 
Unknown 1 0-21 
Glucose 6-phosphate 0-17 
Trehalose phosphate 0-12 
Unknown 2 0-07 
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fructose, glucose 6-phosphate gave glucose, and 
trehalose phosphate gave trehalose. The identity of 
these sugars was confirmed by co-chromatography 
with auShentic sugars in solvents 1, 2 and 3. The 
remaining two products 
identified. 

By measuring the percentage of radioactivity 
present in each of these compounds after different 
the progress of formation and 
disappearance of the compounds was followed. 
Fig. 1 shows the changes during incubation in the 
percentage of the total radioactivity of the 
reaction mixture found in glucose, glucose 6- 
phosphate, trehalose phosphate and trehalose. The 
radioactivity in fructose 6-phosphate and the two 
unknown compounds showed an initial rise followed 
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reaction remain un- 


reaction times, 


by a fall, whereas that in «-glycerophosphate and 
glycerol increased during incubation; these changes 
are omitted from Fig. 1 to preserve clarity, and 
there is no reason at present for supposing that they 
are on the direct pathway of trehalose biosynthesis. 

Formation of trehalose from glucose 6-phosphate 
and uridine diphosphate glucose. Glucose 6-phos- 
phate was found to replace glucose and ATP in the 
system. 1 umole of glucose 6-phosphate, 0-8 pmole 
of UDPG, 0-25umole of magnesium sulphate, 
1 mg. of enzyme in tris—maleate buffer, pH 7-0, in 
a total volume of 0-09 ml., were incubated at 37° 
for 60 min. Paper chromatography of the reaction 
products with solvents 1 and 9 revealed that sub- 
stances corresponding to trehalose and UDP had 
been formed. (A new batch of enzyme was used in 


0) 
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Incubation time (min.) 
Fig. 1. Progress of appearance and disappearance of 


radioactivity in glucose and some reaction products. The 
reaction was carried out as described in Table 2. O, 
Glucose; @, glucose 6-phosphate; ™, trehalose phosphate; 
A, trehalose. Radioactivity is expressed as a percentage of 
the total counts spotted on the chromatograms. 
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this experiment, and a_ trehalose-phosphatase 
activity higher than before may account for tre- 
halose predominating as the end product.) If 
glucose 6-phosphate, UDPG or the enzyme was 
omitted from the reaction mixture this reaction 
did not take place. Glucose 1-phosphate would 
replace glucose 6-phosphate. 

Hydrolysis of trehalose phosphate. Substances 
chromatographically identical with trehalose and 
inorganic phosphate were formed when the fat- 
body preparation was incubated with trehalose 
phosphate. The rate of this hydrolysis was maximal 
at pH 6-25 and in the presence of mM-mag- 
nesium sulphate. As shown in Table 3, the rate of 
hydrolysis of trehalose phosphate is greater than 
that of the other sugar phosphates tested. 

Partial fractionation of enzyme with calcium 
phosphate gel. The fat bodies of 100 locusts were 
treated as far as the stage 1 (see Material and 
Methods section). The resultant 10 ml. super- 
natant fraction was dialysed for 4hr. against 
distilled water and added very slowly, with stirring. 
to a mixture of 70 ml. of ethanol and 30 ml. of 
ether at a temperature of — 20°. 

After 2 hr. at — 20°, the precipitate was washed 
in 200 ml. of ether and dried. This process was 
carried out in order to remove fat and phospholipid 
from the preparation (Hartley, 1925). The pre- 
cipitate was dissolved in 10 ml. of water, and the 
solution was adjusted to pH 5-5 by the addition of 
0-01 M-acetic acid. The resultant precipitate was 
collected by centrifuging (fraction 1). To the super- 
natant was added 15 mg. dry wt. of 6-months-old 
calcium phosphate gel (Keilin & Hartree, 1938). 
The mixture was centrifuged, and the precipitate 
(containing fraction 2) was collected. This process 
was repeated on the supernatant fraction with 
15 mg. dry wt. of gel (which absorbed fraction 3) 
and then 45 mg. dry wt. (fraction 4). The super- 
natant fraction then contained fraction 5. The 
protein fractions were eluted from the gel by a 
5% solution of ammonium sulphate in phosphate 





Table 3. Hydrolysis of sugar phosphates 
by fat-body extract 


The reaction mixture consisted of 5umoles of substrate 
and 2 mg. of enzyme in 0-025M-maleate buffer, pH 6-25, 
containing mM-magnesium sulphate, in a total volume of 
0-8 ml. The figures represent the percentage of substrate 
hydrolysed after 60 min. at 38° as measured by the in- 
crease in inorganic phosphate. 

Hydrolysis 


Substrate (% 
Trehalose phosphate 74 
Glucose 6-phosphate 2 
Glucose 1-phosphate 3 
Fructose 6-phosphate 7 
Fructose 1:6-diphosphate 44 


Ribose 5-phosphate 12 


D. J. CANDY AND B. A. KILBY 


1961 


buffer at pH 7-5. The fractions were then dialysed, 
to remove ammonium sulphate, and freeze-dried. 

Phosphoglucomutase activity of fractionated fat- 
body extract. Preliminary experiments showed that 
fraction 5 contained the highest phosphoglucomu- 
tase activity. In further experiments 1 pmole of 
glucose 1-phosphate, lpumole of cysteine and 
0-3 zmole of magnesium sulphate were incubated 
with 1 mg. of enzyme (fraction 5) in tris buffer, 
pH 7-5, in a volume of 0-05 ml. at 37° for 60 min. 
Paper chromatograms of the reaction products 
(with solvent 8) showed that most of the glucose 
1-phosphate had disappeared and that a large spot 
corresponding to glucose 6-phosphate had been 
formed. In the absence of cysteine, however, the 
glucose 1-phosphate remained largely unchanged. 
The identity of the glucose 6-phosphate formed was 
confirmed by chromatography. Chromatograms 
were developed with solvents 6, 7, 8 and 9, and in 
each case the reaction product behaved in the same 
way as the authentic glucose 6-phosphate. After 
hydrolysis by alkaline phosphatase, a substance 
chromatographically identical with glucose in three 
different solvents was obtained. 

Nucleoside diphosphate-kinase activity in fraction- 
ated fat body. Fraction 1 obtained as above was 
found to have nucleoside diphosphate-kinase 
activity; 0-2mole of UTP, 0-2 mole of ADP, 
0-3 pmole of magnesium sulphate, 1 mg. of enzyme 
in tris buffer, pH 8-2, in a total volume of 0-06 ml., 
were incubated at 37° for 60 min. The reaction 
products were separated on chromatograms de- 
veloped for 72 hr. in solvent 9. A substance chro- 
matographically identical with ATP was formed 
only if the reaction mixture was complete. If UTP, 
ADP or the enzyme was left out then no reaction 
took place. The reaction was carried out on a larger 
scale, and the substance suspected to be ATP was 
separated on paper chromatograms and eluted. An 
absorption spectrum of this eluate corresponded to 
that of ATP, and analyses of total and labile phos- 
phate and of ribose all corresponded to the values 
given for ATP. The product was also active in the 
phosphorylation of glucose to glucose 6-phosphate 
by a partially purified hexokinase preparation. The 
reverse reaction (the formation of UTP and ADP 
from UDP and ATP) was also shown qualitatively 
on paper chromatograms. 

Uridine diphosphoglucose pyrophosphorylase in 
the fat body. The presence of this enzyme was de- 
monstrated in a different fat-body preparation. Fat 
body was treated as far as the stage 1. The super- 
natant fraction was then made 100% saturated 
with ammonium sulphate at pH 7-0 and the pre- 
cipitate was collected by centrifuging and dis- 
solved in water. This was then dialysed to remove 
ammonium sulphate and freeze-dried. This pre- 
paration catalysed the formation of UDPG from 
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UTP and glucose 1-phosphate. UTP (0-2 umole), 
lymole of glucose 1-phosphate, 0-1 umole of 
magnesium sulphate, 1mg. of enzyme in tris 
buffer, pH 8-2, in a total volume of 0-08 ml., were 
incubated at 37° for 60 min. The reaction products 
were separated on chromatograms developed for 
20 hr. in solvent 9. A substance corresponding to 
UDPG. was present in the reaction products. The 
reaction did not take place in the absence of either 
UTP or glucose 1-phosphate. The reaction was 
carried out on a larger scale, and the reaction 
product corresponding to UDPG was separated 
and eluted from a paper chromatogram. The 
absorption spectrum of the eluted compound, the 
total and labile phosphate content and the amount 
of reducing sugar after acid hydrolysis all corre- 
sponded to those for UDPG. Hydrolysis in 0-1N- 
hydrochloric acid at 100° for 10 min. gave a sugar 


chromatographically identical with glucose in 
solvents 1, 9 and 10. 
DISCUSSION 


The experimental results are consistent with the 
scheme shown in Fig. 2 for the biosynthesis of 
trehalose in Schistocerca fat body. The necessity for 
ATP and UDPG was shown by the activation 
produced on their simultaneous addition to a 
dialysed fat-body-enzyme preparation of low 
activity. Carey & Wyatt (1960) have recently 
shown the presence of UDPG in the fat body of 
Cecropia pupae, and there is no reason to doubt its 
occurrence in locust fat body. The presence of 
hexokinase in various insects has been shown by 
previous workers, and Kerly & Leaback (1957), for 
example, have studied the properties of the enzyme 
in thoracic muscle and salivary gland of Locusta 
migratoria. The rapid disappearance of [!4C]glucose 
on incubation with the fat-body enzyme fortified 
with ATP, and the concomitant production of sugar 
phosphates, shows that it is likewise present in 





Glucose 


a 


Trehalose 
Glucose 6-phosphate b phosphate ——» Trehalose 
UDPG UDP 


ATP 
e UTP d 


Pyrophosphate 


Glucose 1-phosphate ADP 


i 
Glucose 6-phosphate 


Fig. 2. Scheme for trehalose biosynthesis. The enzymes 
involved are: a, hexokinase; b, phosphotrehalose uridine 
diphosphate transglucosylase; c, trehalose phosphate phos- 
phatase; d, nucleoside diphosphokinase; e, UDPG pyro- 
phosphorylase; f, phosphoglucomutase. 
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Schistocerca fat body. The transfer of a glucose unit 
from UDPG to glucose 6-phosphate then leads to 
the formation of trehalose phosphate. This is 
supported by the curves in Fig. 1, which show that 
glucose 6-phosphate is formed at a rapid rate and 
then decreases as trehalose phosphate builds up. 
It was also shown that glucose and ATP could be 
replaced by glucose 6-phosphate. It is not possible 
to say unequivocally that glucose 6-phosphate 
rather than glucose 1-phosphate is involved in the 
reaction, since phosphoglucomutase could not be 
removed from the extract without inactivating 
phosphotrehalose-UDP transglucosylase. A similar 
difficulty arose in the early work of Leloir & Cabib 
(1953) when they demonstrated trehalose phos- 
phate formation from hexose phosphate and 
UDPG by an enzyme preparation from yeast. In 
subsequent work, however, they were able to show 
that glucose 6-phosphate was involved (Cabib & 
Leloir, 1958). The final stage in the formation of 
trehalose by the fat body is the splitting of the 
trehalose phosphate to trehalose and inorganic 
phosphate. Fig. 1 shows that trehalose builds up 
throughout the incubation, whereas trehalose 
phosphate, which is formed more rapidly during 
the early stages, reaches a maximum and then 
decreases. The crude fat-body-enzyme preparation 
was also shown to break down trehalose phosphate 
more rapidly than the other sugar phosphates 
tested. The postulation of the presence of a specific 
trehalose phosphate phosphatase would be con- 
sistent with the known presence of such an enzyme 
in the trehalose-synthesizing system of yeast 
(Cabib & Leloir, 1958). Friedman (1960), using a 
diethylaminoethylcellulose column, has recently 
fractionated a crude trehalase preparation from 
Phormia regina, and obtained a‘ peak in the eluate 
which, according to the preliminary report, is said 
to be a specific trehalose phosphate phosphatase. 

The presence in the fat body of nucleoside di- 
phosphate kinase and UDPG pyrophosphorylase is 
consistent with a mechanism for the regeneration of 
UDPG: 

UDP+ATP = UTP+ADP 
Glucose 1-phosphate + UTP 
= UDPG+ pyrophosphate. 


The presence of an enzyme system which will 
convert glucose into trehalose, and the presence 
also of trehalase (Howden & Kilby, 1956; Kalf & 
Rieder, 1958), which splits trehalose into glucose, 
suggests that trehalose formation is a device used 
by insects to store dietary carbohydrate in a 
readily mobilizable reserve. Howden & Kilby 
(1960) have shown that the trehalose concentration 
in the haemolymph of fifth-instar nymphs of 
Schistocerca increases throughout the 10 days of the 
stadium, but falls sharply during the moulting 
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period. Trehalose can serve as an energy source, 
since Biicher & Klingenburg (1958) found a pro- 
nounced fall in concentration after 2 hr. flight in 
Locusta, and a similar result was found in Phormia 
(Evans & Dethier, 1957). Before the time of 
moulting, chitin is required for the formation of the 
new cuticle, and it seems possible that the N- 
acetylglucosamine units in it may be ultimately 
derived from the trehalose carbohydrate store. 


SUMMARY 


1. An extract prepared from the fat body of 
Schistocerca gregaria catalyses the formation of 
trehalose from glucose in the presence of adenosine 
triphosphate and uridine diphosphate glucose. 

2. Glucose 6-phosphate and trehalose phosphate 
were indicated as intermediates in this reaction. 

3. The extract hydrolyses trehalose phosphate 
at a greater rate than any other sugar phosphate 
tested. 

4. The presence was shown of phosphogluco- 
mutase, nucleoside diphosphate-kinase and uridine 
diphosphoglucose-pyrophosphorylase activities in 
the fat body. 

5. A scheme for the biosynthesis of trehalose 
from glucose in the fat body of Schistocerca is 
presented. 

We wish to thank Professor W. T. J. Morgan, F.R.S., for 
a gift of trehalose phosphate. We are indebted to the Anti- 
Locust Research Centre for supplies of locusts and for a 
research studentship for one of us (D.J.C.). 
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Pathways of Glucose Metabolism in Ox Retina 


By M. ATAUR RAHMAN? anp MARGARET KERLY 
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(Received 27 June 1960) 


In retina, metabolism of glucose is much faster 
in a medium buffered with bicarbonate than in one 
buffered with phosphate (Laser, 1937; Craig & 
Beecher, 1943), but the mechanism of this effect 
has never been satisfactorily explained. It has 


been suggested (Hopkinson & Kerly, 1959) that it 
* Present address: Department of Biochemistry, Dow 
Medical College, Karachi, Pakistan. 


may be concerned with oxidation of triphospho- 
pyridine nucleotide during assimilation of carbon 
dioxide by pyruvate and the maintenance of a 
high ratio of oxidized to reduced triphosphopyrid- 
ine nucleotide. If this is so, and if the availability 
of oxidized triphosphopyridine nucleotide limits 
oxidation of glucose 6-phosphate, then the ratio of 
glucose metabolized by the hexose monophosphate 
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shunt pathway to that metabolized by the glyco- 
lytic route would be greater in a medium buffered 
with bicarbonate than in one buffered with phos- 
phate. This hypothesis has been tested by the use 
of [1-4C]- and [6-14C]-glucose (see Korkes, 1956). 
Estimations were made of the specific activity of 
the carbon dioxide and of the lactate formed by ox 
retina incubated in media containing the labelled 
glucose and buffered either with phosphate or with 
bicarbonate. 

Futterman & Kinoshita (1959) and Cohen & 
Noell (1959), in experiments published whilst this 
work was in progress, have also measured the 
activity of carbon dioxide and lactate produced 
during incubation of retina in a medium containing 
labelled glucose and buffered with phosphate, 
whereas Holt, Liith, Hallman, Holt & Voelker 
(1959) have carried out similar experiments with a 
medium buffered with bicarbonate. In agreement 
with the findings of these authors, the results of the 
experiments to be described (already briefly 
reported, Kerly & Rahman, 1960) show that the 
ratio of “CO, formed during incubation with 
[1-4C]glucose to that formed with [6-14C]glucose 
was near unity in both buffers, but that the 
difference in the isotope content of the lactate 
produced from the two glucose samples was 
greater than that found by Futterman & Kinoshita. 
This, together with the low values found for the 
specific activity of the carbon dioxide, has led to the 
conclusion that the hexose monophosphate shunt 
may be of more importance for glucose metabolism 
in retina than has been suggested previously. 


METHODS 


Estimation of respiratory carbon dioxide. In order to 
measure the specific activity of respiratory CO, produced 
in a medium buffered with bicarbonate and in equilibrium 
with a gas phase containing CO,, it was necessary to 
determine not only the isotope content of the CO, formed 
during incubation but also the amount produced; this was 
done by estimating the total amount of CO, in the system 
before and after incubation. The CO, was absorbed in 
alkali, then precipitated as BaCO,, weighed and counted. 
It was essential to exclude all contact with the atmo- 
sphere until precipitation was achieved; after this stage 
absorption of CO, from the atmosphere was negligible. 
Warburg flasks with a single side arm and modified as 
described by Chernick, Masoro & Chaikoff (1950) were used 
for incubation. The centre well, which extended for about 
lem. through the bottom of the flask, was sealed with a 
firmly fitted rubber vaccine cap. In this way the volume of 
the flask remained constant and gas changes could be 
determined. Carbon dioxide-free NaOH was stored in a 
Woulfe bottle with the lower outlet sealed with a vaccine 
cap so that alkali could be withdrawn by a syringe and 
injected into the Warburg flask already attached to its 
manometer. 

After absorption of CO, the alkali was removed from the 
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flask with a syringe and injected through a rubber cap into 
a small flask previously well flushed with O, to remove all 
atmospheric CO,. The centre well in the Warburg flask 
was washed six to eight times with warm CO,-free water 
(injected and removed with a syringe), and the washings 
were added to the alkali. During the process of removal of 
alkali and washing the centre well, care was needed to 
prevent manometer fluid being blown out or sucked back 
into the flask. 

In experiments where a phosphate medium was used, 
alkali and washings were collected in 25 ml. conical flasks 
containing 1 ml. of saturated BaCl, with a trace of NH,Cl. 
For the bicarbonate experiments, where larger amounts of 
CO, were concerned, alkali and washings were injected into 
a 25 mi. graduated flask and, after the contents had been 
made up to volume, four 5 ml. samples were withdrawn and 
injected into conical flasks containing BaCl, as before. 

The precipitate of BaCO, was collected on paper supported 
on sintered glass in an apparatus similar to that described 
by MacKenzie & Dean (1948), except that it was made of 
glass. Flasks and precipitates were washed with warm 
CO,-free water and with alcohol, and the precipitates were 
dried under an infrared lamp by suction with hot air. 
After a few minutes, when the precipitate was completely 
dry, the filter paper and precipitate were removed and 
placed on the appropriate weighed planchet in a desiccator, 
later to be weighed and counted. Before counting, 0-3- 
0-5 ml. of artist’s pastel fixative (diluted 1:5) was added to 
the planchets, which were again dried under the infrared 
lamp. A curve was constructed to relate the number of 
counts to the thickness of the fixative. 

The amount of CO, produced in the experiments where 
the incubation medium contained phosphate was calcu- 
lated directly from the weight of BaCO,. In experiments 
in which a bicarbonate-containing medium was used in 
equilibrium with a gas mixture O,+CO, (95:5), it was 
necessary to measure the total CO, in the system both at 
the beginning and at the end of the incubation period. Two 
flasks of almost equal volume were used with pieces of 
retina of equal weight so that the CO, content was the same 
in each at the beginning of the incubation period. Acid 
was tipped into the control flask at the beginning and into 
the second flask at the end of the experimental period. The 
difference in weight of the BaCO, produced from the two 
flasks corresponded to the respiratory CO, formed during 
the experiment. 1C was present only in BaCO, from the 
second flask and accounted for the whole of the isotope 
present in the CO,. 

This procedure for estimation of CO, was checked by 
addition of acid to a known amount of NaHCO, in a flask 
gassed with O,. In 31 experiments 9-98 +0-16 mg. of 
BaCO, was produced compared with the expected 
9-95 mg. In a control experiment carried out without 
tissue, the calculated amount of BaCO, from medium and 
gas phase (allowing for the measured CO, content of the gas 
mixture, 3-9%) was 16-03 mg. and the amount estimated 
was 16-10 mg. 

Determination of activity of bariwm carbonate. Activity 
was assayed in a gas-flow counter (Tracerlab SC 16). A 
self-absorption curve was constructed and the observed 
values were corrected for activity at infinite thinness. 

Estimation and determination of specific activity of lactic 
acid. Trichloroacetic acid was added to the incubation 
medium to give a final concn. of 10%, and the precipitated 
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proteins were removed by centrifuging. The precipitate 
was washed twice with water and the washings were added 
to the supernatant fluid. Lactic acid was adsorbed on a 
Dowex-1 (Cl- form, X 10, 80-100 mesh) column and eluted 
as described by Kinoshita, Masurat & Helfant (1955). 
Experiment showed that recovery was almost 100% and 
that extraction of the protein-free solution with ether 
before adsorption was not necessary. A sample of the 
eluate was used for estimation of lactic acid (Barker & 
Summerson, 1941) and, after addition of 4-3 mg. of lithium 
lactate to act as carrier, lactic acid was oxidized and the 
resulting aldehyde absorbed in dimedone (5:5-dimethyl- 
1:3-cyclohexanedione, Eastman) according to the method of 
Brin & Olson (1952). After it had stood overnight, the 
dimedone-acetaldehyde complex was removed by filtration 
through the apparatus used for separation of BaCO,, 
weighed and counted. The dimedone complex was not 
washed with alcohol or dried with hot air as it is soluble in 
alcohol and melts under the infrared lamp. A self-absorp- 
tion curve was constructed for dimedone-acetaldehyde 
collected from several experiments and observed values 
were corrected for activity at infinite thinness. The yield of 
dimedone complex was only 50-60% of the theoretical 
value which, if allowance is made for loss on oxidation and 
aeration, does not differ greatly from the 72 % reported by 
Gaffney, Williams & McKennis (1954) for absorption of 
acetaldehyde in dimedone. This method does not detect 
140 in the carboxyl group of lactic acid but, as the labelled 
carbon was added as [1-14C]- or [6-44C]-glucose, glycolysis 
would produce lactic acid labelled in the methyl group and 
no !4C would be lost on oxidation to acetaldehyde. 
Determination of the specific activity of glucose. [}4C]- 
Glucose, obtained from The Radiochemical Centre, 
Amersham, Bucks, was diluted with unlabelled glucose to 
give an activity of approximately 1-5uc/m-mole. The 
specific activity was determined by a modification of the 
persulphate oxidation method described by Abraham & 
Hassid (1957). Incubation medium (2 ml.) containing 
20umoles of glucose, together with the oxidizing reagents, 
was placed in a 50 ml. conical flask connected to a 25 ml. 
volumetric flask. Both flasks were flushed with O, to 
remove all traces of CO, and 1 ml. of CO,-free NaOH was 
injected by syringe into the volumetric flask. The whole 
apparatus was evacuated and the glucose oxidized. After 
absorption of the CO, produced was complete, the contents 
of the volumetric flask were made up to volume with CO,- 
free water, and 5 ml. samples were removed for estimation 
and counting of CO, as already described. Four determina- 
tions gave activities of 749+ 18 and 567+5 counts/min./ 
pmole for [1-'4C]glucose and [6-C]glucose respectively. 
Incubation procedure. Ox eyes were brought from the 
slaughterhouse on ice; the retinae were dissected and placed 
in the appropriate ice-cold oxygenated Ringer solution. 
A piece of retina weighing about 400 mg. was drained, 
weighed on a torsion balance and placed in an incubation 
flask containing 0-5 ml. of 50% (w/v) trichloroacetic acid in 
the side arm and, in the main compartment, 2 ml. of 
Ringer solution buffered either with phosphate or with 
bicarbonate and containing 20umoles of labelled glucose. 
The Ringer solutions were made by diluting 10 ml. of 
0-Im-sodium phosphate, pH 7-4, or 16ml. of 0-154 m- 
NaHCO, (gassed with CO, to pH 7:4) to 100 ml. with stock 
saline solution. This latter was made by mixing 0-154 m- 
solutions of NaCl (100 parts), KCl (4 parts), CaCl, (3 parts), 


M. ATAUR RAHMAN AND M. KERLY 


1961 


KH,PO, (1 part) and MgSO, (1 part) (see Umbreit, Burris 
& Stauffer, 1957). The flasks were attached to their mano- 
meters and shaken in a constant-temperature bath at 38°, 
In the experiments in which phosphate buffer was used the 
flasks were gassed with O, for 10 min.; they were then 
removed from the bath, 0-5 ml. of saturated NaOH was 
injected into the centre wells and the flasks were replaced 
in the bath for a further 5 min. equilibration (15 min. in 
all). Uptake of O, was recorded for periods of up to 1 hr., 
and the reaction was stopped by tipping in the trichloro- 
acetic acid from the side arm. Alkali containing the 
respiratory CO, was removed from the centre well, and its 
CO, content, together with the lactic acid content of the 
medium, estimated and counted as described above. 

In the experiments in which retina was incubated in 
bicarbonate buffer a control experiment was carried out at 
the same time. Two flasks of almost equal volume were 
used, containing the same weight of tissue. Both were 
gassed with a mixture of O, + CO,(approx. 95:5) for 10min. 
and a further 5 min. was allowed for attainment of tempera- 
ture equilibrium. The manometer taps were then opened 
momentarily, and the fluid level was adjusted so that at 
atmospheric pressure the quantity of gas should be the 
same in both flasks. Acid was tipped into the main com- 
partment of the control flask to stop oxidation and to 
liberate all the CO, into the gas phase. The retina in the 
other flask was allowed to respire for 30 min. but gas 
changes were not recorded; acid was then tipped in from 
the side arm. Alkali was injected into the centre wells of 
both flasks and shaking was continued for 2 hr. to ensure 
complete absorption of CO,. Lactic acid in the medium and 
CO, in the alkali were then estimated and counted as 
already described. 

Wet weight/dry weight ratio. The wet weight and dry 
weight (after heating to 105°) were determined on a number 
of retinae. The ratio did not differ appreciably from 10:1 
and this value was used in calculating dry weights for the 
incubation experiments. 


RESULTS AND DISCUSSION 


The values recorded for oxygen uptake, carbon 
dioxide output and lactic acid production, both in 
preliminary experiments carried out while testing 
the methods to be used and also in the experiments 
with labelled glucose, are shown in Table 1. In the 
experiments in which Ringer phosphate was used 
oxygen uptake was linear and, as carbon dioxide 
output was measured on the same piece of tissue, 
the respiratory quotient could be calculated. In 
experiments with the bicarbonate medium only 
carbon dioxide output was determined, but if the 
respiratory quotient is assumed to be unity also in 
these conditions (Hopkinson & Kerly, 1959) ther 
the value for —@Q, would have been identical with 
that for Qco,. The values recorded both for 
oxygen uptake and lactic acid production were 
rather lower than those recorded previously 
(Hopkinson & Kerly, 1959), possibly because the 
eyes were stored for a longer period after death of 
the cattle, but the effect of bicarbonate in pro- 
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ducing a higher rate of both respiration and glyco- 
lysis is clearly shown. 

The specific activities of the carbon dioxide and 
lactic acid produced during incubation with 
labelled glucose are shown in Table 2. In the first 
series of experiments in the phosphate medium the 
full incubation period, including 15 min. equilibra- 
tion, was 60 min., but for the experiments in the 
bicarbonate medium the incubation period was 
decreased to 45 min., and, so that results might be 
more directly comparable, two further experiments 
were carried out in phosphate medium with the 
shorter incubation period. Gas exchange could not 
be measured during the equilibration period, and in 
all experiments the values for specific activity of 
respiratory carbon dioxide refer to gas collected 
after this period; but amounts of carbon dioxide 
formed have been calculated for the full incubation 
period for comparison with lactic acid production, 
which was necessarily determined for the whole 
incubation time. No allowance has been made for 
the initial lactic acid content of the retina, but, as 
the retinae after dissection were placed in Ringer 
solution and transferred to fresh medium for 
incubation, the initial lactic acid level was likely to 


GLUCOSE METABOLISM IN OX RETINA 


Table 1. Metabolism of retina 
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have been low [see Hopkinson & Kerly (1959), who, 
using the same technique, found only 1-0—-1-5 pmoles 
of lactic acid/50 mg. dry wt. after incubation of 
retina in glucose-free media]. 

The ratio of 14CO, produced during incubation in 
a medium containing [1-'C]glucose to that pro- 
duced when the medium contained [6-!4C]glucose 
did not differ appreciably from unity when the 
medium was buffered either with phosphate or 
with bicarbonate. On the other hand, during 
incubation in both media lactic acid formed from 
[1-44C]glucose contained less isotope than that 
formed from [6-14C]glucose. If lactic acid were 
formed only by glycolysis it would be expected to 
have half the specific activity of the starting glucose 
(i.e. 375 counts/min./umole) whether the glucose 
were labelled in carbon atom 1 or 6, but, if some 
glucose were metabolized by the shunt pathway, 
lactic acid formed by this route would be labelled 
only if the isotope had been present initially as 
[6-4C]glucose. In this case the specific activity of 
the lactic acid, produced by both routes, should be 
greater than half that of the starting glucose 
whereas that formed from [1-!4C]glucose should be 
less. In most experiments this was so. In both 


Ox retina (approx. 500 mg. wet wt.) was incubated at 38° in 2 ml. of Ringer solution, pH 7-4, containing 
20 wmoles of glucose and buffered either with phosphate (gas phase O,) or with bicarbonate (gas phase O,+CO,, 
95:5). Equilibration for 15 min. was allowed before measurement of O, uptake and CO, output was started; total 
incubation periods are as shown. Rate of lactic acid formation was calculated from lactic acid produced during 


the whole incubation period. (Values are means + 


Incubation 
period 
Buffer (min.) - Qo, 
Phosphate 75 6-18 +0-13 (65) 
Bicarbonate 45 — 


6-43-40-14 (65 
13-36 +0-62 (42) 


S.E.M., with numbers of experiments shown in parentheses.) 


Lactic acid 
(umoles/g. dry wt./hr.) 
293 + 16-5 (22) 
535+ 21-7 (12) 


Qco, R.Q. 
5) 1-04 +0-02 


Table 2. Specific activity of respiratory carbon dioxide and lactic acid formed on incubation 
of ox retina with labelled glucose 


Retina was incubated at 38° in 2ml. of Ringer solution, pH 7-4, containing 20 pmoles of [1-™C}]- or [6-"C]-glucose 
and buffered either with phosphate( gas phase O,) or with bicarbonate (gas phase O, + CO,, 95:5). Total incubation 
times include 15 min. equilibrium period during which CO, output was not measured ; values shown are calculated 
for the whole incubation period. Values (mean +8.£.M.) are corrected for an initial specific activity of 750 counts/ 


min./ymole of glucose. 


Carbon dioxide formed 


Lactic acid formed 


A 





(counts/min./ 


No. of Glucose (counts/min./ 
expts. used (wmoles) pmole) (umoles) pmole) 
(a) In phosphate: incubation for 60 min. 
4 [1-4C] 15-941-1 43426 18-5408 284-419 
3 [6-14C] 12-4+0 41+4-0 12:9+0-1 384+ 27 
(b) In phosphate: incubation for 45 min. 
2 [1-14C] 10-5+0-3 37+2-0 11-9+1-3 320+6 
2 [6-14C] 9-8+1-6 3344-0 10:8 +0°8 455+4 
(c) In bicarbonate: incubation for 45 min. 
6 f1-4C] 26-6 +1-0 18+1-6 19-101 402-429 
j [6-14C] 24-4+40-3 14+1-1 17-941-2 534 +25 
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phosphate and bicarbonate media the ratio of 
activity found in lactic acid from [1-'C]glucose to 
that from [6-14C]glucose was 0-75, corresponding to 
metabolism of 1 glucose molecule in 4 by the shunt 
pathway (Kinoshita e¢ al. 1955). In contrast the 
specific activity of the carbon dioxide was in all 
experiments, and especially in those in which the 
medium contained bicarbonate, much lower than 
would have been expected had all the carbon 
dioxide been derived from complete oxidation of 
glucose (i.e. one-sixth of the activity of the starting 
glucose, 125 counts/min./pmole). This low activity 
could have been due to dilution of carbon dioxide 
produced from glucose by that formed from endo- 
genous substrate, or to assimilation of respiratory 
carbon dioxide. This latter reaction may well be 
significant in retina, which is known to assimilate 
carbon dioxide actively (Crane & Ball, 1951). This 
very low specific activity makes the ratio of the 
activity of carbon dioxide produced from glucose 
labelled at carbon atoms 1 and 6 an unreliable 
guide to the pathways of glucose metabolism. 

The results of these experiments do not throw 
light on the reason for the increased rate of glucose 
metabolism of retina incubated in media containing 
bicarbonate, but the specific activity of the lactic 
acid produced from [1-14C]- and from [6-4C]-glucose 
suggests that, although in retina hexose monophos- 
phate oxidation has not the importance it has in 
corneal epithelium (Kinoshita e¢ al. 1955) or in lens 
(Kinoshita, 1955), some glucose is normally meta- 
bolized by this route and that in aerobic conditions 
the shunt pathway is not suppressed completely 
as has been suggested (Futterman & Kinoshita, 
1959; Cohen & Noell, 1959). de Berardinis (1959), 
who estimated gluconic acid phosphate and lactic 
acid dehydrogenases, has also concluded that the 
shunt pathway exists in retina. 


SUMMARY 


1. The specific activity of carbon dioxide 
produced during incubation of ox retina with 
labelled glucose in media buffered with either 
phosphate or with bicarbonate was lower, whereas 
that of the lactic acid was higher, than that to be 
expected from the activity of the glucose. 
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2. The ratio of “CO, produced from [1-!C}- 
glucose to that from [6-'4C]glucose was near unity 
whether the incubation medium was buffered by 
phosphate or by bicarbonate, but the specific 
activity of the lactic acid produced from [1-C}- 
glucose was less than that produced from [6-"C}- 
glucose, the ratio in both media being approxi- 
mately 0-75. 

3. It is concluded that the activity of the lactic 
acid gave more reliable evidence about the path- 
way of glucose metabolism than did that of the 
carbon dioxide and that one glucose molecule in 
four was metabolized by the hexose monophos- 
phate shunt pathway. 
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The Fatty Acid Composition of Human Depot Fat 
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Early studies of human depot fat were limited by 
available analytical techniques and investigations 
into the fatty acid composition of the depot fat did 
not begin until about 1925. Eckstein (1925) re- 
ported 1% of myristic acid and traces of lauric 
acid, 26% of saturated and 63-6% of unsaturated 
acid, and 0-5, 0-03 and 0-33% of acids with two, 
three and four double bonds respectively. The 
dienes and tetraenes, but not the trienes, were con- 
firmed by Wagner (1926), and 60% of unsaturated 
acids and 25-8-31% of saturated acids were found 
by Telfer (1928) and McAmis & Anderson (1930). 

Cramer & Brown (1943) published the results of 
analyses made by fractional distillation of the 
methyl esters of fatty acids from depot fat, together 
with their new technique of low-temperature 
crystallization. These authors were the first to 
report the presence of mono-unsaturated C,, and 
C,, acids, together with various isomeric C,, di- and 
mono-unsaturated acids. They found the following 
acids present: lauric, myristic, tetradecenoic, 
palmitic, hexadecenoic, stearic, oleic, octadeca- 
dienoic, arachidonic and other Cy) acids. They did 
not mention the tri-vnsaturated acids. Their fat 
samples were taken from five subjects, of which at 
least two or three had vascular disease, and the fat 
taken from various body sites was bulked before 
analysis. 

It seemed possible that the temperature difference 
between the fat of the body cavities and sub- 
cutaneous tissue could influence its composition. 
However, Cuthbertson & Thompsett (1933) found 
the iodine values of subcutaneous, omental, peri- 
nephric and epicardial depot fat to be 70, 63-5, 63 
and 63-5 respectively. This small variation pre- 
cluded substantial differences in major components 
but the possibility of differences in the minor com- 
ponents, such as the polyunsaturated acids, still 
remained, and it seemed interesting to obtain more 
information on their concentrations in various sites. 

There was evidence that disease could influence 
the composition of human depot fat, for Telfer 
(1928) found an increase in the percentage of satur- 
ated acids, a raised melting point and a decreased 
iodine value in a patient in a diabetic coma, and 
Channon & Harrison (1926) found the subcutaneous 
fat of scleromatous infants to have a higher melting 


point and lower iodine value than that from normal 
infants, but no analyses of fatty acid composition 
were reported in either of these studies. 

This paper describes a general study of human 
depot fat with the techniques of alkaline isomeriza- 
tion and gas-liquid chromatography. Because of 
the possibility that age, sex, diet, disease and site of 
sampling might influence the composition of depot 
fat, it was decided to restrict the samples used for 
this study to those taken from the abdominal sub- 
cutaneous fat of male adults, some ‘normal’ and 
some ‘atheromatous’, and to analyse samples from 
various sites in one individual. 


EXPERIMENTAL 


Selection of subjects. Subjects were matched by age into 
pairs, one of each pair being atheromatous. Four pairs were 
chosen, with four additional atheromatous patients. The 
criteria insisted upon for the selection of each group were 
these: 

(a) The non-atheromatous patients were defined by a 
complete absence of any history of angina or ischaemic 
limb pain, coronary thrombosis or cerebrovascular accident, 
and by normal pulse rate, blood pressure, fundi and vascular 
examination. Their electrocardiograms, chest X-ray ex- 
aminations and fasting plasma cholesterol, phospholipid and 
glyceride levels were normal and each took a regular amount 
of exercise per day with some physical recreation at the 
weekends (golf, gardening, walking etc.). 

(b) The atheromatous patients all had histories of 
angina or ischaemic pain or coronary thrombosis or all of 
these, or they presented as cases of aortic aneurysm and 
had a negative Wassermann test. Vascular examination 
usually revealed thickened femoral arteries and reduced 
peripheral pulses. All had arteriograms which showed large 
vessel atheroma; the atheromatous arteries were checked 
macroscopically at operation and the sections of any 
excised arteries showed the characteristic microscopic 
appearance of atheroma. This group had also taken daily 
and weekend exercise until admittance to hospital or until 
prevented by their lesion. 

The following criteria were insisted upon in both the 
‘normal’ and atheromatous subjects: 

(a) No marked family history of vascular disease; one 
parent alive and well, over 65; at least one brother or sister 
of about the same age as the patient, alive and well. 

(b) No family or personal history of diabetes, thyroid 
dysfunction, xanthoma or jaundice. 

(c) No personal history attributable to kidney or pan- 
creatic disease, vascular trauma or clotting abnormalities. 
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(d) Plasma-cholesterol, -phospholipid and -glyceride 
concentrations were each less than 350 mg./100 ml. 

(e) No recent marked changes in the patients’ weights, 
no idiosyncracies of diet such as the avoidance of fat or 
vegetable-oil supplements, and all were non-vegetarians. 
There had been no change in occupation in the previous 
3 years and no unusually prolonged periods of stress were 
disclosed by questioning. 

(f) Routine urine examinations were negative and 
bromosulphthalein liver-function tests were normal. 

As a rough provisional guide, the amount of atheroma 
was assessed as mild, moderate and severe according to the 
arteriogram and inspection at operation. The term ‘mild’ 
was used to mean local areas of irregularity in the arterial 
intima, ‘moderate’ as extensive areas with some evidence 
of ulceration, ‘ severe’ as confluent and ulcerative areas with 
marked weakening of the arterial wall. 

Sampling of depot fat. The size of sample required necessi- 
tated its removal during an operation. Samples used in this 
study were taken from the subcutaneous fat on either side 
of an abdominal incision at the beginning of the patient’s 
operation. This meant that all the subjects were selected 
from cases admitted for operations involving an abdominal 
incision. 

To investigate the effect of the site of sampling on fatty 
acid composition, depot fat was removed post mortem, 
within Shr. of death, from a patient with extensive 
atheroma (cause of death was coronary thrombosis), 
samples being taken from the subcutaneous fat of the upper 
part of the right buttock, the left abdominal wall and 
from the perinephric fat. On removal from the subjects the 
samples of depot fat were washed immediately with ice— 
water, followed by several washes with cold acetone, then 
stored in a vacuum flask in contact with solid CO, until 
required for analysis. 

Chemical methods. The wet tissue was cut into small pieces 
and extracted with redistilled acetone for 5 hr. in a Soxhlet 
extractor. The residue was repeatedly ground with sand 
and extracted with redistilled ether. The acetone solution 
was diluted with water, repeatedly extracted with ether, 
the total ether extracts were combined and the solvent was 
removed by distillation under reduced pressure. Since 
auto-oxidation of the fatty acids would have led to 
erroneous results, their ultraviolet-absorption spectra were 
examined after heating in neutral glycol. 

The extracted fat was saponified under N, and the un- 
saponifiable material removed and weighed. The iodine, 
acid and saponification values were determined by standard 
methods (British Standards Institute, 1950). Polyun- 
saturated acids were estimated spectroscopically after 
alkaline conjugation (Hilditch, Morton & Riley, 1945; 
Hilditch, Patel & Riley, 1951), and the complete ultraviolet 
spectra of the isomerized acids were examined. The fatty 
acids were methylated, diazomethane in ether being used, 
and the methyl esters examined by gas-liquid chromato- 
graphy on columns (120 cm. long and 4 mm. diam.) of 16% 
Apiezon L on 100-200 mesh Celite at 200° and 230°. To 
distinguish between saturated and unsaturated acids the 
esters were brominated and rechromatographed at 230°. 

Plasma cholesterol was determined by the method of 
MacIntyre & Ralston (1954), phospholipids were deter- 
mined by the method described by Hawk, Oser & Summerson 
(1947), total esterified fatty acids according to Morgan & 
Kingsbury (1959) and the glycerides were calculated by 


subtracting the fatty acids esterified to cholesterol and 
phospholipids from the total esterified fatty acids, and 
multiplying the resultant figure by 1-045 (Kingsbury, 
1958). 

Interpretation of analytical results. In calculating the 
amount of arachidonic acid present we used the factors 
given by Brice, Swain, Herb, Nichols & Riemenschneider 
(1952). The conditions of isomerization used by these 
workers were slightly different from those of Hilditch et al. 
(1945, 1951), but the latter did not give conversion factors 
for this acid. Moreover, analysis by gas-liquid chromato. 
graphy indicated the presence of a large number of acids in 
the C,,-C,, range, and it was impossible therefore to make 
true corrections since the exact effect of isomerization on 
these acids is unknown. With these considerations in mind, 
and from the data given by Brice et al. (1952), the amount 
of arachidonic acid (tetraene) present was calculated and, 
after correction for this, the amounts of linolenic (triene) 
acid and linoleic (diene) acid were determined from the 
figures of Hilditch et al. (1945, 1951). In the calculation of 
the monoene fraction in the isomerization results no 
account was taken of the palmitoleic acid and myristoleic 
acid which were known to be present. The monoene figure 
was obtained from the difference in iodine value of the total 
fatty acids and that calculated for polyunsaturated fatty 
acids. 

At the time of this study the gas—liquid-chromatography 
methods available did not separate adequately the C,, 
dienes and trienes, nor the various Cy) polyunsaturated 
acids. Consequently, we have grouped them together in the 
results [Table 1 (b)]. Furthermore, very small amounts of 
many fatty acids of unknown structure were found; these 
were not included in Table 1 since it was impossible to 
classify them correctly. 


RESULTS 


Chemical constants of the fat [Table 1 (a)]. The 
iodine value of the total fat varied from 60 to 67, 
and that of the separated fatty acids was slightly 
higher, 62—70. This slight difference was also ob- 
served by Telfer (1928), who found an iodine value 
of 71-0 for the total fat and 78-6 for the fatty acids 
in the subcutaneous depot fat of a normal adult. 

The detailed composition of the non-saponifiable 
fraction of human depot fat is unknown at present. 
In these studies its total amount varied between 
0-4 and 1-3%. The percentage of fat in the tissue 
also varied considerably (between 49 and 78%). 
However, as no associated trends were apparent in 
any of the other measurements, no conclusions can 
be drawn from either of these variations. 

The acid values obtained were nil, which suggests 
that the conditions of sampling, storing and extract- 
ing were less likely to have caused hydrolysis of the 
fatty acid esters than those of Telfer (1928) and 
Channon & Harrison (1926), where values of up to 
2-7 were found. 

The saponification value was also fairly constant 
between 190 and 200, thus indicating an average 
molecular weight of 262-275, which is very similar 
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to the figure of 265 reported by Telfer (1928). All 
these chemical constants were within the ranges 
reported in the literature. No differences were 
found between the chemical constants of the depot 
fat from normal and atheromatous subjects. 


Fatty acids 


Results from gas—liquid chromatography [Table 1 
(6)]. The gas—liquid-chromatography results show 
that oleic acid is by far the largest component of 
human depot fat, 42-51%; next is palmitic acid 
(C,, saturated), 21-30%, then both palmitoleic acid 
(C,, mono-unsaturated) and stearic acid (Cy, 
saturated), both between 5 and 8-5%, then myristic 
acid (C,, saturated), 2-6%. These are almost exactly 
the figures obtained by Cramer & Brown (1943) by 
distillation and low-temperature crystallization. 
The percentages of lauric acid obtained by gas— 
liquid chromatography were, however, significantly 
higher than those shown in the results of either 
Eckstein (1925) or Cramer & Brown (1943), where- 
as the traces of C, and C,) acids found by us were not 
reported in either of these studies. 

Further new findings, disclosed by gas—liquid 
chromatography, are the significant amounts of 
odd-number carbon atoms straight-chain and also 
branched-chain fatty acids. The exact sizes of the 
various branches of the latter acids in human depot 
fat are not yet known. 

No differences were apparent between the con- 
centration of oleic acid and saturated acids from 
the depot fats of normal and atheromatous subjects. 

Results from alkaline isomerization [Table 1 (c)]. 
The high concentration of oleic acid shown by gas— 
liquid chromatography was confirmed by the results 
from alkaline isomerization. There were no con- 
sistent differences between the amounts of the 
saturated, total unsaturated or oleic acid fractions 
from the normal and atheromatous subjects when 
estimated either by gas—liquid chromatography or 
alkaline isomerization (Table 2). 

Of the acids with more than one unsaturated 
bond the dienes were present in the highest con- 
centration (5:-4-7-4%), and the tetraenes next 
(0-6-1-3%), whereas Cramer & Brown (1943) found 
8-11% of dienes and 0-3—1-0% of tetraenes. These 
differences may have been due to the particular 
conditions of isomerization and crystallization em- 
ployed in the two studies, and perhaps influenced 
by the fact that we interpreted the dienes and 
trienes observed after isomerization entirely as Cy, 
acids, and the tetraenes as Cy) acids. This would 
seem justified, however, as most of the diene 
fraction must have consisted of linoleic acid and, 
although small corrections to the conversion formu- 
lae might eventually be required, it would be 
surprising if such corrections completely offset these 
differences. 
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No unusual peaks were observed in the ultra- 
violet-absorption spectra of the isomerized fatty 
acids. The triene and tetraene peaks were well 
marked, at least double in both cases (about 270 
and 310 my respectively), and, as usual, only one 
of each was used in the conversion formulae. Traces 
of pentaenes and hexaenes were seen at about 340 
and 370 my respectively. 

Although all samples were examined by the same 
techniques, any differences in the values for linoleic 
acid and arachidonic acid found between the normal 
and atheromatous subjects (Table 2) could not be 
regarded as definite or sufficient for statistical 
analysis, in view of the difficulty discussed, in 
accurately assessing the tetraene concentrations. 
There did, however, appear to be a higher concentra- 
tion of trienes in the atheromatous samples. This is 
discussed below. 

The significant amounts of these trienes are a 
new finding, being more than ten times the amount 
found by Eckstein (1925). The low values deter- 
mined by Eckstein probably resulted from the 
methods used (hexabromide values), which mini- 
mize already low triene concentrations (T. P. 
Hilditch, personal communication). The chain 
length and structure of these trienes are not known 
for certain; they have been labelled ‘linolenic’ for 
convenience and so calculated as C,, acids. It is 
possible that, as for the dienes and tetraenes, the 
conversion factors will need correcting when their 
composition is determined and when suitable stan- 
dards are available to check the isomerization 
constants. 

Discrepancies between the results of chromato- 
graphy and alkaline isomerization. The chromato- 
graphic values, iodine values and spectroscopic 
results showed several discrepancies (Table 2): 
first, there was apparently a 5—6%, difference in the 
amounts of oleic acid; secondly, the observed iodine 
values and those calculated from the chromato- 
graphic results did not agree; thirdly, the combined 
amounts of di-, tri- and tetra-enes were much lower 
when determined by chromatography. The dif- 
ferences in the amounts of oleic acid are explicable 
if it is assumed that the monoene fraction (deter- 
mined by difference between the observed iodine 
value and the iodine value of the polyunsaturated 
acids) contained the amounts of myristoleic acid 
and palmitoleic acid as shown by chromatography. 

The second discrepancy lies in the difference of 
approximately 6 units between the observed iodine 
value (average 66-4, range 49-8—62-4) and that 
calculated from the chromatographic results 
(average 59-87, lowest possible 47-74, highest 
possible 66-74); this could be accounted for by the 
lower concentrations of polyunsaturated acids 
found by chromatography and is probably caused 
in part by limitations in the chromatographic 
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Table 2. Comparison of results obtained by gas-liquid chromatography and alkaline isomerization 


Percentage of total fatty acids 





c —e 
Normal Atheroma 
(1) Gas—liquid chromatography 
Saturated acids Av. 37-5 42:3 
Range 37-0 43-0 38-0 -44-5 
Unsaturated acids Av. 59-4 57-6 
Range 56-0 -63-0 55-0 -62-0 
Oleic acid Av. 48-6 45:3 
Range 47-5 -51-5 42-5 -48-5 
C,, Linoleic/Linolenic Av. 4-25 4-5 
Range 3-0 — 6-0 2-5 — 6-5 
Cy» Di-/tri-/tetra-enoic Range Trace Trace—2-0 
(2) Alkaline isomerization 
Saturated acids Av. 37:3 36-9 
Range 34-1 -41-0 35-1 —38-9 
Unsaturated acids Av. 59-7 63-1 
Range 42-6 —65-9 61:3 -64-9 
‘Oleic’ Av. 54:3 55-1 
Range 50-9 -56-8 53-1 -—57-0 
‘Linoleic’ Av. 7-0 6-3 
Range 58 — 7:6 54 - 71 
*Linolenic’ Av. 0-45 0-96 
Range 0-3 — 0-6 0-6 — 1-5 
*‘ Arachidonic’ Av. 1-0 0-76 
Range 0-7 - 1-2 0-6 — 1:0 
Triene/Tetraene Av. 0-5 1-3 
Range 0-2 — 0-7 0-9 — 2:0 
Triene/diene Av. 0-07 0-16 
Range 0-04— 0-09 0-10- 0-28 


Table 3. Effect of site of sample on fatty acid composition of depot fat 


Fat from one atheromatous male subject (54 years) was analysed. 


Abdomen Buttock 
Site... ie ... (left side) (right side) Perirenal 
Yield of fat from tissue (%) 73-3 63-4 58:7 
Iodine value of total fat 66-5 65:9 63-6 
Iodine value of fatty avids 69-0 69-3 65-2 
Percentage unsaponifiable 1-9 1-5 13 


Percentage of total fatty acids 
eed 


c 7 
Chromatographic results 


Saturated acids 


Cre 1-0 1-0 1-0 

a. 5-5 55 5-5 

Ci. 23-5 22:5 23:5 

Cis 4:5 4:5 5-5 
Unsaturated acids 

Cy, (Palmitoleic) 6-0 6-5 5-5 

Cy, (Oleic) 50-5 49-0 49-0 

C,, (Di- and tri-enes) 4-5 4:5 5-5 

Cy (Di-, tri- and tetra-enes) 1-0 1-5 1-0 
Spectroscopic results 

Dienes (‘ Linoleic’) 6-6 6-6 6-3 

Trienes (‘Linolenic’) 0-7 0-7 0-7 

Tetraenes (‘ Arachidonic’) 0-5 0-5 0-5 

Pentaenes 0-1 0-1 0-1 

Ratio, trienes:tetraenes 1-4 1-4 1-4 


1961 
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methods available at the time of the study (1956— 
57). 

However, we have no complete explanation for 
these differences in the polyunsaturated acids at 
present, nor for the opposite nature of the slight 
changes in the total unsaturated and oleic acid 
fractions between normal and atheromatous 
samples observed by gas-liquid chromatography 
and spectroscopy. Until these discrepancies are 
resolved it seems most desirable to use both 
methods of analysis. 

Effect of sample site on fatty acid composition 
(Table 3). Analysis of the three samples of depot 
fat from various sites in one atheromatous indi- 
vidual, reported in Table 3, showed only small vari- 
ations in the fatty acid composition. The only 
observed differences were the slightly lower iodine 
value and increased stearic acid content of the 
sample of perinephric fat, together with the overall 
variation in the percentage of unsaponifiable 
material. There were no differences in the concen- 
trations of the polyunsaturated acids and the 
triene: tetraene ratio was greater than 0-8, in agree- 
ment with the other atheromatous samples. This 
similarity in composition found in depot fat from 
various body sites confirms the similarity of iodine 
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values obtained by Cathcart & Cuthbertson (1931) 
and G. A. Rose (personal communication) in 
subcutaneous, omental and perinephric fat. 

General features. The serum-lipid levels, weights 
or the social status of these patients (Table 4) did 
not appear to show any association with the severity 
of the disease process or the concentration of any 
fatty acid in the depot fat, although it is possible 
that a much larger series might have shown a 
statistically significant correlation not suggested by 
these studies. 

Differences between normal and atheromatous 
samples. One interesting feature of the results of 
this study was that the triene values for the athero- 
matous patients were higher than for the normals, a 
difference which could be emphasized by comparing 
the triene:tetraene or triene: diene ratio in the two 
groups of subjects (Table 2). It can be seen that no 
overlapping occurred between the ranges of these 
two ratios in the two groups. These were the only 
consistent differences shown between the two 
groups of subjects, and in fact the triene: tetraene 
ratio seemed roughly proportional to the severity 
of the atheroma (but not to the plasma-lipid 
levels), as can be seen by comparing Tables 1 (c) 
and 4. 


Table 4. Plasma-lipid concentrations of atheromatous subjects 


In the first column numbers in parentheses indicate matched pairs shown in Table 1 (c). G, Neutral glycerides; 


P, phospholipids; C, total cholesterol. 


Age Severity of 


Plasma lipids 
(mg./100 ml.) 
Weight : 


SR 
Patient (years) Lesion atheroma Occupation (Ib.) G ¥ Cc 
Normal 
P.B. (1) 38 Laparotomy (intestinal Policeman 178 16 182 195 
obstruction) 
B.H. (2) 42 Duodenal ulcer Carpenter 174 ~ 30 193 186 
W.C. (3) 45 Post-traumatic arterial Postman 146 53 216 195 
occlusion 
A.F. (4) 68 Hernia Retired clerk 157 28 178 183 
Atheromatous 
r.w.() 40 Claudication (right iliac Mild- Station foreman 170 74 196 173 
obstruction) moderate 
A.H. (2) 43 Abdominal mass (aortic Moderate— Medical 190 120 236 216 
aneurysm) severe 
M.G. (3) 45 Claudication angina Moderate— Foreman painter 182 42 190 196 
(aortic aneurysm) severe 
A.P. (4) 61 Claudication (iliac and Severe Purifying-plant 162 58 249 238 
aortic obstruction) attendant 
M.C. 45 Abdominal mass (aortic Severe Chartered 147 85 256 257 
aneurysm) accountant 
AS. 48 Claudication (iliac Moderate— Engineer 182 131 231 230 
obstruction) severe 
AJ. 49 Claudication (iliac Moderate Costing clerk 158 62 235 212 
obstruction) 
C.D. 58 Claudication (aortic Severe Postman 146 109 212 224 


aneurysm) 
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However, it should be emphasized that this study 
was intended as a general investigation and the 
methods were not primarily directed to an accurate 
determination of the trienes and tetraenes, so that 
in some respects any conclusions drawn about these 
differences are tentative. 


DISCUSSION 


The physical characteristics of the depot-fat 
samples of this study were very similar to those 
from different body sites reported previously in the 
literature, and similar to the reported composition 
of human depot-fat samples bulked from various 
sites (Cramer & Brown, 1943). Moreover, as the 
small differences found in some animals between 
the fatty acid content of subcutaneous and peri- 
nephric fat (Hilditch, 1956) were not found in the 
subjects of this study, it seems that the site has 
very little influence on the composition of human 
adipose tissue and for metabolic studies samples 
may be taken from the most convenient site. Thus 
at present there is no evidence to suggest that the 
various sites of adipose tissue (excepting the special 
case of the mammary gland) cannot be regarded as 
part of a homogeneous compartment. 

Gas-liquid chromatography showed the depot 
fat to be a complex mixture, especially in the C,,.— 
C.. region, and there were many acids not shown in 
Table 1 (6b) as their structure was unknown and 
complete resolution was not possible on Apiezon 
columns. There were 1—2% of both branched-chain 
and odd-numbered fatty acids. Whether these fatty 
acids were formed in vivo or were derived from the 
diet is unknown. 

The existence of significant amounts of the short- 
chain C, and C,, acids is also a new finding, and the 
percentage of lauric acid was much higher than 
reported by Eckstein (1925) and Cramer & Brown 
(1943). 

Alkaline isomerization showed the presence of 
both pentaenes and hexaenes, but, as suitable 
standards were not available at the time of analysis 
and as the method was not designed to measure 
accurately small amounts of these acids, no attempt 
has been made to estimate the quantities present. 
The significant amount of trienes is also a new 
finding: the chain lengths of these trienes were not 
established, but gas—liquid chromatography showed 
certainly the presence of linolenic acid. 

Thus although the analysis showed the presence 
of many unusual acids and also significant amounts 
of many polyunsaturated acids, the lack of stan- 
dards, the empirical nature of the alkaline isomeriza- 
tion for the pentaene and hexaene fractions and the 
limited separation on Apiezon columns in gas— 
liquid chromatography undoubtedly contributed to 
the discrepancies observed between the results of 
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the two analytical methods. For this and other 
reasons a repeat study is being undertaken in this 
laboratory at present. 

Probably more than 97% of the fat in the adipose 
tissue consisted of glycerides, and as such their 
component fatty acids can be compared with those 
from other acyl esters and with glycerides from 
other sites. Published work on this subject in man 
is almost confined to the plasma lipids and fat 
deposited in the vessel walls of atheromatous 
patients. Unfortunately, of those who have pub- 
lished studies by gas-liquid chromatography, 
Ahrens et al. (1959) did not report the fatty acid 
compositions of their two patients before a very 
large and unusual alteration of their dietary fats. 
Bottcher, Keppler, ter Haar Romeny, Boelsma van 
Houte & van Gent (1958) did not report their 
results or the clinical definition of their subjects in 
detail. Dole, James, Webb, Rizack & Sturman 
(1959) grouped the triglycerides and cholesteryl 
esters together, as did James, Lovelock, Webb & 
Trotter (1957). Finally, Tuna, Reckers & Frantz 
(1958), although using gas-liquid chromatography 
to separate the fatty acids, estimated the poly- 
unsaturated acids by isomerization. 

Therefore the comparison shown in Table 5 for 
normal subjects has been restricted to analyses 
with iodine values, alkaline isomerization and the 
older chemical methods of estimation. It can be 
seen that the fatty acid composition of depot fat is 
similar to the glycerides of plasma and milk from 
fasting subjects but differs markedly from the total 
plasma fatty acids, and especially from the 
cholesteryl esters, by its much lower content of 
polyunsaturated fatty acids. The phospholipid 
esters have a diene and triene content similar to the 
glycerides but a higher concentration of tetraenes. 
The fatty acid pattern of each class of ester there- 
fore appears to be different, but within each class 
the pattern seems to have broad similarities, 
whether in plasma, milk or depot fat. Thus the total 
plasma-fatty acid composition is the average of that 
of the various esters, whereas that of depot fat is 
dominated by the glyceride fraction, as one would 
expect from its low content of non-saponifiable 
matter. 

In the comparison of the normal and athero- 
matous subjects it was realized that a person’s age 
is not necessarily identical with the biological age of 
his arterial tissues and that the term ‘non-athero- 
matous’ only excluded atheroma severe enough to 
be recognizable either clinically or at operation. 
However, failing more absolute measurements, the 
definitions described earlier were accepted as 
excluding those cases in which atheroma is found 
secondarily, or where there was a strong familial 
predisposition, or metabolic factors such as @ 
marked idiosyncrasy of diet. Certainly there was a 
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very large difference in the degree of atheroma 
between the two types of patients. In these two 
groups, the observed difference between the triene 
values and apparently altered triene: tetraene and 
triene: diene ratios is reminiscent of the increased 
triene concentrations, in relation to the dienes and 
tetraenes, in the depot fat of animals deficient of 
certain fatty acids in their diets and which Jorgen- 
sen & Holman (1958) believed to be the best 
indicator of the ‘essential fatty acid state’ of the 
animal. 

Thus it seemed possible that these patients might 
be suffering from a deficiency of those polyun- 
saturated fatty acids said to prevent this alteration 
of fatty acid composition in animals (Nunn & 
Smedley-MacLean, 1938; Fulco & Mead, 1959; 
Dam, Kristensen, Nielson & Sandegard, 1959; 
Rieckehoff, Holman & Burr, 1949; Privett, Jorgen- 
sen & Holman, 1959). However, in view of the 
difficulties in the estimation of polyunsaturated 
acids, due partly to the preliminary state of gas— 


FATTY ACIDS OF HUMAN DEPOT FAT 


549 


liquid-chromatographic separation at the time of 
experiments and to the discrepancies between the 
results of the two methods of analysis, we do not 
wish to discuss this point further at present. 
Experiments designed to compare small quantities 
of polyunsaturated acids are in progress. 

From a comparison of the experimental results 
presented here and the data given by Hilditch 
(1956), it is obvious that, although human fat is 
similar to that of other wholly land animals, it 
differs from them in one aspect or another, except 
for the depot fat of the chimpanzee (Gunstone, 
1955). This fat appears very similar in composition 
to the corresponding human fat: thus the chim- 
panzee has 2% of myristic acid, 29% of palmitic 
acid, 7% of stearic acid, 5% of palmitoleic acid, 
44% of oleic acid, 8% of C,, dienes and 1-7% of 
unsaturated C,) and C,, acids. 

As phylogenetic influences appear to be the most 
important determinant of depot-fat composition, as 
shown by the similar diets but dissimilar depot-fat 





Table 5. 


Percentage fatty acid composition and iodine value of fatty acid esters in plasma, 


milk and adipose tissue of normal human adults 


Figures are arranged in order of increasing iodine values and the reference numbers (last column) refer to the list 


of references given below. 


Iodine Mono- Total 


Fatty acids 
A - 


Sample value unsat. sat. Dienes  ‘Trienes Tetraenes Pentaenes Hexaenes Ref. no. 
Glycerides 
Milk 52* 34* 48* 7:8 1-0 0-70 0-30 0-30 1 
Depot fats 68-9 51-9 36-0* 10-2 . 1-0 7 ; 2 
63 54:3 37:3 7-0 0-45 1-0 Trace Trace 3 
Plasma 78 44-7 37-4 14-27 1-34 1-26 0-47 0-54 4 
Phospholipids 
Plasma 101-8 35°5 37°6 14-53 0-97 8-16 1-76 1-42 4 
Total fatty acids 
Red blood cells 100-7 22* 50* 7-84 0-0 13-1 2-87 4-11 5 
Plasma 105-0 39-2 31-0 19-4 2-0 5-1 1-3 1-3 6 
107-3 34-7 32-1 22-3 2-1 5-5 0-91 1-25 5 
113-0 54-4 20-46 15-9 1-07 57 1-29 1-09 4 
° . 10-0 1-6 2-0 0-9 1-8 7 
15-0 1-97 2-89 0-83 0-7 8 
22-0 1-59 6-03 0-76 1-13 9 
Cholestery] esters 
Plasma 137 28-6 16-2 41 0-7 6-2 0-7 1-2 10 
142-7 23-5 18-7 47-4 0-7 8-0 1-0 0-7 11 and 4 
146 32:7 11-9 43-8 4-0 6-1 0-8 0-17 12 
‘ 20-2 5-0 62 , 12-8 a 13 
160 Approx. Approx. 53-2 5-1 9-5 1-4 2-5 14 
5* 23* 


* Calculated from the respective authors’ data. 


Insull, Hirsh, James & Ahrens (1959). 

Cramer & Brown (1943). 

Present study. 

Luddy, Barford, Riemenschneider & Evans (1958). 


Pikaar & Nijhof (1958). 
Herdenstam (1960). 


sae ee 


Evans, Waldron, Oleksyshyn & Riemenschneider (1956). 


8. Holman & Hayes (1958). 

9. Hammond & Lundberg (1955). 

Tuna, Reckers & Frantz (1958). 

. Riemenschneider, Luddy & Morris (1958). 
. Wright, Pitt & Morton (1959). 

Klein & Jansen (1959). 

. Lewis (1958). 
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compositions of the Herbivora (Hilditch, 1956), 
and now also by the converse example of a similar 
fat composition but dissimilar diet of Western man 
and the chimpanzee, it would seem that the com- 
position of human and chimpanzee fat indicates 
the existence of a special primate group. However, 
this cannot be known for certain until the long- 


term effects of various diets on the composition of 


human fat are known and until more comprehensive 
analyses of animal fats are available. 


SUMMARY 


1. The fatty acid composition of the depot fat 
from 12 subjects, both normal and atheromatous, 
has been studied by gas-liquid chromatography 
and alkaline isomerization. 

2. The site from which the fat sample is taken 
has very little effect on its fatty acid pattern. 

3. Human depot fat was found to contain 42— 
51% of oleic acid, 21-30% of palmitic acid, 5— 
8-5% of palmitoleic acid and stearic acid, 5—-8% of 
‘linoleic’ acid and under 3% of acids with more than 
two double bonds. 

4. Significant amounts of odd-numbered and 

branched-chain fatty acids, C, and C,, saturated 
acids and of tri-unsaturated acids (trienes), penta- 
enes and hexaenes occur in human depot fat. 
5. The fatty acid composition of the depot fat is 
similar to that of the glycerides of plasma and milk 
as determined by alkaline isomerization and iodine 
values; it also shows some similarities with that of 
the phospholipids of these sites but not with the 
cholesteryl esters or total plasma fatty acids. 

6. No significant differences were found between 
the depot-fat composition of normal and athero- 
matous subjects, excepting possibly an increased 
concentration of tri-unsaturated acids, particularly 
in the 


in relation to the dienes and tetraenes, 


atheromatous samples. 
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Measurement of Intracellular Albumin in Rat Liver* 


By A. H. GORDON anp J. H. HUMPHREY 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 17 August 1960) 


The albumin within the cells of the liver consists 
partly of albumin which is newly synthesized but 
not yet secreted, and partly of plasma albumin 
which has been taken up from the surrounding 
plasma or lymph and may be either stored or in the 
process of catabolism. Newly formed albumin 
occurs presumably in the parenchymal cells only, 
whereas ingested albumin is likely to be found in 
Kuppfer cells and probably in parenchymal cells also 
(Freeman, Gordon & Humphrey, 1958). Since 
homologous proteins appear to be broken down 
very rapidly after uptake into cells (Humphrey & 
McFarlane, 1954), the actual quantity of ingested 
albumin intact within the cells is probably very 
small, but this is uncertain. 

To calculate turnover rates of intracellular 
albumin, and for some other purposes, knowledge is 
required of the size of the pool of newly formed and 
yet unsecreted intracellular albumin. To measure 
this, it must be possible to extract albumin quanti- 
tatively from the liver, and to distinguish between 
that part which has not been secreted and that 
which consists of ingested or of extracellular albu- 
min. Information about the distribution of albumin 
in the subcellular fractions of chicken liver (from 
which much but not necessarily all of the extra- 
cellular albumin had been removed by perfusion) 
has been reported by Peters (1957) in his study of 
serum-albumin synthesis. We have attempted to 
improve the method by injecting rat albumin 
labelled with ™I into rats, and allowing the 
labelled albumin to come into equilibrium (after 
48 hr. or longer) in the plasma and lymph. In this 
way, the presence of the radioactive label allows 
albumin in or derived from the extracellular fluid to 
be identified. Albumin was recovered from homo- 
genized liver and from the plasma by specific pre- 
cipitation with antiserum, and the proportion of 
unlabelled albumin in the liver albumin was calcu- 


‘lated by comparison of the "I specific activities of 


the recovered liver albumin with that of the albumin 
recovered from the plasma. The extent of recovery 
of albumin from the samples could be calculated 
accurately from measurements of the protein-bound 
81T before and after precipitation, and hence the 


* A preliminary account of some of these experiments 
was reported at the 8th Colloquium on The Protides of 
Biological Fluids, Bruges, 1960. 





size of the unlabelled intracellular-albumin pool 
could be estimated. The validity of the underlying 
assumptions is discussed below. 


EXPERIMENTAL 


Rats. Male hooded rats (about 300g.) bred at the 
National Institute for Medical Research, Mill Hill, were 
used. The animal used for the perfusion in vitro was starved 
overnight before use, but the others had unrestricted access 
to water (containing 4 g. of NaCl and 100 mg. of K1/l.) and 
to the pelleted diet of Parkes (1946). 

Rat [?*'Tjalbumin. Rat albumin was prepared by chroma- 
tography on a CM-cellulose column (Cohen & Gordon, 
1958), and was labelled with ™I at an average of one 
atom of I/mol. by the ICl method of McFarlane (1958). 
About 4 mg. (100-4000 according to the duration of the 
experiment) was injected intraperitoneally into the rats 2-5 
days before the experiment. When the interval was less 
than 2 days equilibrium between the contents of the liver 
cells and the plasma and lymph did not appear to be fully 
established, and there was evidence that traces of highly 
labelled ‘denatured’ albumin from the original injection 
remained in the liver. 

Anti-rat albumin. This was prepared in rabbits by intra- 
muscular injection of rat albumin in Freund’s adjuvant 
(Freund & McDermott, 1942) followed by an intravenous 
course of rat albumin adsorbed on alum. By absorption 
with rat «-globulin it was made almost, but not com- 
pletely, specific for rat albumin as judged by immuno- 
electrophoresis. In the experiment in which human blood 
was used for perfusion the antiserum was also absorbed with 
human plasma. It was shown that the reaction with rat 
albumin was not significantly affected by the presence of 
1% of sodium deoxycholate. 


Preparations from liver and serum 


The liver of a rat which had received rat [1*4I]jalbumin 
2-5 days previously was removed. It was either not per- 
fused, or perfused briefly with 0-9% NaCl through the 
portal vein, or perfused with normal rat blood in vitro for 
4hr. (Cohen & Gordon, 1958). The liver was then sliced 
coarsely, blotted to remove free fluid and weighed and 
homogenized at 0° with an equal weight of 0-15 m-phosphate 
buffer, pH 7-8, In most cases 1% of sodium deoxycholate 
was also added at this stage. The homogenate was frozen 
and thawed three times, well mixed and centrifuged at 2° 
for 2 hr. at 1500 g. The volumes of the supernatant fluid 
and deposit, and the ™I radioactivity of each, were 
measured. To the supernatant fluid was next added n-HCl 
to bring the pH to 2-5-5-4, and the flocculated nucleoprotein 
was sedimented by centrifuging at 0°. The deposit was 
removed, redissolved and its radioactivity measured. The 
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pH of the supernatant was readjusted by addition of 
n-NaOH to 7-5-8-0; 10 mg. of KI was added, with Merthiol- 
ate (Eli Lilly and Co.) and disodium ethylenediaminetetra- 
acetate to concentrations of 0-01 and 1% respectively; the 
volume and radioactivity were measured. Although about 
half of the albumin remained in the pH 5-2 precipitate, treat- 
ment in this way yielded a clear supernatant fluid from 
which non-specific co-precipitation with the antigen— 
antibody precipitate was minimized. In two experiments, a 
portion of the liver extract was cleared by centrifuging at 5° 
for 2 hr. at 15 000 g, instead of by acid precipitation, and 
rat albumin was precipitated from the supernatant, in 
parallel with that from the acid-treated supernatant. The 
131] specific radioactivities of the albumins recovered were 
similar, and the estimates of intracellular albumin did not 
differ significantly (see Table 3). 

Radioactivities were measured in a standard volume in a 
well-type scintillation counter. At each stage a portion of 
the material was also treated with an equal volume of 20% 
(w/v) trichloroacetic acid, in the presence of a few milli- 
grams of KI, and the non-protein radioactivity was esti- 
mated separately. 

Samples of the serum taken from the rat at death, or of 
the perfusion plasma at the end of the perfusion in vitro, 
were suitably diluted and their radioactivities measured. 
From these an approximate estimate could be obtained of 
the amount of albumin corresponding to a given amount of 
protein radioactivity which could be used as a guide in 
deciding the volume of the corresponding liver extract to be 
taken for precipitation of albumin. To serum and liver- 
extract samples, estimated to contain 0-2-1 mg. of rat 
albumin, was added sufficient antiserum to precipitate 75- 
95% of the radioactivity (by choosing conditions under 
which the albumin was not precipitated completely it was 
hoped that precipitation of contaminating proteins would 
be minimized). After being kept overnight at 2° the pre- 
cipitated antigen-antibody complex was washed thrice with 
0-9 % NaCl at 0°, and the rat albumin was extracted from 
the precipitate by stirring at 2° with 2 ml. of 1% A.R. tri- 
chloroacetic acid in aqueous 95 % (v/v) ethanol (Delaville, 
Delaville & Delaville, 1953). After standing for 4-24 hr. 
insoluble material was removed by centrifuging at 0°, and 
the albumin was precipitated from the extract by addition 
of 2 vol. of ether at 0°. The protein was collected by centri- 
fuging and dissolved in 1 ml. of water containing a drop of 
m-NaHCO,. The radioactivities of the final solutions, of the 
materials remaining in the supernatant after ether precipi- 
tation and of the trichloroacetic acid-treated antigen— 
antibody precipitates were measured. The amount of rat 
albumin in the final solutions was measured by the method 
of Lowry, Rosebrough, Farr & Randall (1951), or by the 
specific absorption at 280mp, or both. From these 
measurements were calculated the I specific activities of 
the recovered rat albumin and the overall recoveries of 
albumin from the original sera or liver extracts. 


Preparation of mitochondrial and microsomal 
fractions 


In the last experiment the whole liver was used for pre- 
paration of mitochondrial and microsomal fractions by the 
method of Schneider & Hogeboom (1951). The supernatant 
fluids at each stage were set aside for measurement of 
radioactivity and preparation of albumin. The mito- 
chondrial and microsomal pellets were suspended in 0-9 % 
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NaCl at pH 8-0 and treated with 1% of sodium deoxy- 
cholate. The disrupted mitochondrial and microsomal frac. 
tions were removed by centrifuging at 9000 g and 105000g 
respectively, and the supernatant fluids were preserved. 
Neither the mitochondrial nor the microsomal fragments 
contained significant 11 radioactivity. The mitochondrial 
residue was not further examined, but the microsomal 
fragments (ribosomes) were washed once with phosphate 
buffer, pH 7-2, and then treated suecessively for 2 hr. at 
room temperature with 1% of sodium ethylenediamine- 
tetra-acetate, NaHCO, at pH 9-3 and 0-5 mg. of pancreatic 
ribonuclease to release any remaining attached albumin 
(e.g. Askonas, 1958). The pH was adjusted to 7 and the 
volume was decreased by pressure dialysis to 1 ml. 

Rat albumin was precipitated from the fractions with 
antibody in the presence of KI, sodium ethylenediamine- 
tetra-acetate and Merthiolate as used in other experiments. 
The final extract of the washed disrupted microsomes was 
layered in a capillary tube over anti-rat-albumin serum. 
Since no precipitin band occurred, whereas a control solution 
containing 10yug. of rat albumin/ml. gave a definite band, the 
extract was presumed to contain less than 10 yg. of rat 
albumin. 


Immunoelectrophoresis of recovered albumin 


The final albumin solutions, after measurement of their 
radioactivity and protein content, were concentrated by 
drying from the frozen state and redissolving in a minimum 
volume of water. They were then examined by immuno- 
electrophoresis (Grabar & Williams, 1953) with an anti- 
serum prepared against whole rat serum. Although with this 
antiserum at least seven «-globulin and two f-globulin 
components were revealed besides albumin and y-globulin 
in normal rat serum, there was no evidence of the presence 
of any component other than albumin in our preparations 
(Plate 1). As a further check, immunoelectrophoresis was 
also performed with an antiserum prepared against whole 
rat-liver homogenate, and absorbed before use with rat 
plasma. This serum contained antibodies against nine 
distinct components of liver tissue, but gave no lines with 
the final extracted albumin preparations. For these 
reasons we consider that the preparations are unlikely to 
have contained substantial quantities of components other 
than albumin. 


RESULTS 


Seven experiments were made. In two the liver, 
after homogenization but before freezing and 
thawing, was divided into two approximately equal 
portions. To one portion 1 % of sodium deoxycholate 
was added and to the other no further addition was 
made, and the two portions were thereafter treated 
similarly. In one such experiment most of the 
blood was perfused out of the liver beforehand, and 
in the other the blood was left in. This was done (a) 
to test whether more intracellular albumin would 
be extracted if deoxycholate were present to dis- 
rupt the microsomes, and (b) to test the validity of 
our method, which should be unaffected by the 
amount of free blood present. The results are given 
in Table 1. The amount of intracellular albumin 
(defined as above) was calculated as follows: [a = 1 
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Immunoelectrophoresis of extracted 


albumin. A-C, Diffused against anti-rat serum; D, diffused against 


anti-rat liver. A, Albumin extracted from serum; B, albumin extracted from microsome fraction; C' and D, 
albumin extracted from homogenized liver. 
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specific activity of plasma albumin (assumed equal 
to the specific activity of lymph albumin); y = ™J 
specific activity of albumin recovered from the 
liver; 2 = total [I] protein radioactivity in the 
liver plus contained blood and lymph (all due to 
[1.jalbumin); p = mg. of intracellular albumin in 
liver; g = mg. of extracellular albumin in liver]. 
Then, since the only [}*1I]protein is extracellular 
albumin, g = x/a and y = 2/(p+q), hence 
p = x(a—y)/ay. 

This formula is independent of the degree of re- 
covery. Applying the formula to liver 1 (wet wt. 
taken 11-5 g.; total protein radioactivity 20900 


Table 1. 


Liver 1 perfused with 0-9% NaCl 
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counts/min.) and liver 2 (wet wt. taken 9-3 g.; total 
protein radioactivity 126500 counts/min.) the 
amounts of intracellular albumin are calculated as 
follows: liver 1 (bile extract) 12-9mg., (0-9% 
sodium chloride extract) 7-6 mg.; liver 2 (bile 
extract) 11-1 mg., (0-9% sodium chloride extract) 
5-13 mg. These figures are in good agreement, 
despite the fact that one liver was perfused and the 
other was not, and they also indicate that treatment 
with deoxycholate revealed the presence of nearly 
twice as much intracellular albumin as did extrac- 
tion with buffer alone. The results of the determina- 
tions of extracellular and intracellular albumin in 
the various subcellular fractions of liver are given 


Recovery from rat livers 2 days after administration of 75yc of rat [}*Talbumin 


Liver 2 not perfused with 0-9% NaCl 


eS — c ee 
Half extracted Half extracted 
Half extracted without Half extracted without 
with deoxycholate deoxycholate with deoxycholate deoxycholate 
Total radioactivity (counts/min.) 11 930 12 080 65 800 77 024 
Total protein radioactivity (counts/min.) 10 400 10 500 60 000 66 500 
Total protein radioactivity in sediment 2 730 5 320 11 600 28 660 
(unwashed) after homogenization 
(counts/min.) 
Total protein radioactivity in ‘nucleo- 5 620 3 020 24 200 10 940 
protein’ precipitate (counts/min.) 
Total protein radioactivity in super- 2 150 2 120 24 200 27 000 
natant before precipitation of albumin 
with antibody (counts/min.) 
Counts precipitated with antibody (%) 75 74 94 93 
Amount of albumin recovered from 0-086 0-043 0-39 0-51 
precipitate (mg.) 
Counts recovered from antigen-antibody 45 67 78 92 
precipitate (%) 
Specific activity of albumin recovered 1-340 4 000 4 220 5 300 
from liver (counts/min./mg.) >, u— y~ 
Specific activity of albumin recovered 7 700 6 750 
from serum (counts/min./mg.) 
Total protein radioactivity/ml. of serum 382 500 250 000 


(counts/min.) 


Table 2. 


Recovery of albumin from subcellular fractions of rat liver 3 days 


after administration of 200yuc of rat [}**T]albumin 


Radioactivity 
Total present as 
radioactivity protein 
(counts/100 sec.) % 
‘ Mitochondrial washings 29 000 78 
Deoxycholate extract of 8 570 87 
mitochondria 
Supernatant from micro- 236 000 86-4 
somes and mitochondria 
Deoxycholate extract of 15 250 98-7 
microsomes 
Extract of ribosomes Nil — 
Serum (counts/ml.) 1 098 600 97-8 





Amount of extra- 
cellular albumin 
in fraction 


Amount of intra- 
cellular albumin 
in fraction 


Specific activity of 
recovered albumin 


(counts/mg./100 sec.) (mg.) (mg.) 
12 800 1-24 0-51 
2 350 3-0 0-17 
37 000 0-92 4-6 
4 450 3-05 0-34 
— < 0-01 0 
44 400 — 24-5 


(mg./ml.) 
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in Table 2. Although the amounts of extracellular 
albumin are to some extent arbitrary, since they 
depend upon the efficiency with which blood was 
perfused out from the liver before homogenization, 
the figure shows that the isolated mitochondrial and 
microsomal fractions contained relatively little 
extracellular but approximately equal amounts of 
intracellular albumin. Most of the extracellular 
albumin was found, as expected, in the supernatant 
fluid after sedimentation of mitochondria and 
microsomes. The mitochondrial fraction, but not 
the microsomes, contained substantial amounts of 
131T not precipitable with trichloroacetic acid, which 
were derived presumably from breakdown pro- 
ducts of [**!TJalbumin. 

The results of the determinations in each experi- 
ment are summarized in Table 3, from which it may 
be seen that the values for liver intracellular 
albumin ranged from 0-3 to 1-19 mg./g. wet wt. The 
value for a liver which had been perfused with 
human blood én vitro for 4 hr. (during which it was 
shown to have secreted about 7 mg. of albumin/hr.) 
also fell within this range. 


DISCUSSION 


The validity of our calculations depends on the 
assumptions that the albumin isolated was pure, 
that all the intracellular albumin became freely 
mixed with the labelled extracellular albumin 
during homogenization and deoxycholate treat- 
ment, that the spegific radioactivity of albumin 
isolated from plasma taken immediately before 
homogenization of the liver was the same as that in 
the extravascular spaces of the liver, and that the 
liver contained no selectively accumulated albumin 
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of high radioactivity. Evidence that the final albu- 
min was not detectably contaminated with other 
proteins has been given above. In favour of the 
validity of the second assumption may be adduced 
our failure to extract significant amounts of albu- 
min from the microsomes disrupted with deoxy- 
cholate by further drastic treatment (Table 2). The 
third assumption is difficult to prove, since the 
amount of extracellular extravascular protein in a 
rat liver is equivalent only to 0-06 ml. of plasma or 
less, and too small, compared with the total blood 
in this organ, to permit accurate estimation of the 
rate of equilibration between blood and lymph in 
vivo. However, the anatomical structure of the 
liver, and the rapid blood flow through it, both 
favour relatively rapid achievement of equilibrium 
of [#*1IJalbumin between blood plasma and liver 
lymph. In the experiment in which the liver, taken 
from a rat 2 days after administration of [}*!I}- 
albumin, was perfused with blood én vitro the [#I]- 
albumin carried over in the liver from the donor 
animal had reached equilibrium with the perfusion 
plasma in about 3hr. The last assumption is 
certainly not true if the liver is taken within a few 
hours of administering labelled albumin, since, 
however carefully the albumin has been prepared 
and iodinated, a small fraction is so altered as to ve 
selectively taken up and later broken down by the 
liver (Cohen & Gordon, 1958). By 48 hr. this 
fraction appears to have been eliminated, but in an 
experiment similar to those reported above, except 
that the liver was removed only 24hr. after 
administration of the ['!I]jalbumin, the specific 
radioactivity of albumin recovered from the liver 
homogenate was actually higher than that from the 
blood plasma. This must have been due to the 


Table 3. Intracellular-albumin content of rat livers 


Time interval 


between 
injection of 
[231Talbumin Albumin Albumin in 
Expt. and test (mg./g. of wet whole liver 
no. Details (days) liver) (mg.) 
1 (a) Blood perfused out, deoxycholate added 2 1-12 12-9 
(b) Blood perfused out, no deoxycholate 0-66 7-6 
2 (a) Blood not perfused out, deoxycholate added 2 1-19 11-0 
(d) Blood not perfused out, no deoxycholate 0-55 5-1 
3 Perfused in vitro for 4 hr. with human blood, deoxy- 2 0-74 5:9 
cholate added 
xtract clarified at pH 5-2 
4 Blood perfused out and foxtenst aaa es 0-284 enn 2. 
dooxodhblnke oliat jo clarified by high-speed 3 {0-308} 0-305 3-33 
, centrifuging 
» oxtract clarified at pH 5-2 
5 Blood perfused out and |°* 4 oe . 0-388 2. 
eee ee | extract clarified by high-speed 3 Sant 0-333 3-93 
' centrifuging 
See Table 2 3 0-585 8-17 
7 Blood perfused out, deoxycholate added 5 0-30 3-6 
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persistence in the liver of traces of albumin much 
more highly labelled than that currently in the 
circulation. 

The range of values (0-3—1-:19 mg./g.) obtained 
for the size of the intracellular-albumin pool is 
rather wide, and it is not clear how far this is due to 
real variations in the functional activity and rates 
of secretion of the liver-parenchymal cells. In the 
four experiments made 3-5 days after injection of 
[31] ]albumin the estimates were quite close (mean 
0-38 mg./g.; range 0-3-0-585), and differed from 
those of the three experiments made 2 days after 
injection (mean 1-01 mg./g.; range 0-74-1-19). The 
experiments were made at different times of year 
and they involved different amounts of radio- 
activity: 80-130uc and 25—-40yu0/100 g. body wt. 
for the longer and shorter experiments respectively. 
The sensitivity of liver to irradiation is known to 
vary very widely. Thus when cell division is occur- 
ring, as in regenerating liver, doses of radiation 
approximately three times the maximum employed 
in the present experiments have been found to be 
just sufficient to decrease the ability of tissue slices 
to oxidize glucose to carbon dioxide. On the other 
hand, with normal rat liver, irradiation with the 
same dose (600 rad.) did not affect glucose oxidation 
(Holmes, 1956). 

The finding that intracellular albumin was about 
equally distributed between the mitochondrial and 
microsomal fractions is in agreement with the 
observation of Peters (1957), who, in chicken liver 
from which blood had been removed by perfusion, 
found 1-02 mg. of albumin/g.. of which 0-211 mg. 
and 0-147 mg. were associated with the microsomal 
and mitochondrial fractions respectively. Dr P. N. 
Campbell (personal communication) has also found 
albumin in the mitochondrial fraction of rat liver. 
In our own experiments the mitochondrial fraction 
was subjected to only one washing with 0-3M- 
sucrose. An estimate of the degree of contamina- 
tion with microsomes of the mitochondrial fraction 
prepared in this way has been provided by Dr B. D. 
Roodyn (personal communication) on the basis of 
the distribution of glucose 6-phosphatase. On the 
accepted assumption that this enzyme is confined 
to the microsomes it appears that the mitochondrial 
fraction would contain a maximum of 23% of 
microsomal material. Even if 25% of the albumin 


‘found in the deoxycholate extract of the mito- 


chondrial fraction is attributable to contamination, 
some 2-3 mg. remains to be accounted for. Whether 
or not such albumin was synthesized in the mito- 
chondria is an open question. In experiments with 
chicken-liver slices, incubated in vitro for 20 min. 
with radioactive glycine, Peters (1957) found 
relatively little radioactivity in albumin isolated 
from the particulate fraction composed mainly of 
mitochondria, compared with that from the micro- 


INTRACELLULAR ALBUMIN IN RAT LIVER 





555 


somal fractions. Keller, Zamecnik & Loftfield 
(1954) found that, 10 min. after administration of 
[44C]leucine im vivo, the protein of the mito- 
chondrial fraction of rat liver had only one-fifth of 
the radioactivity of that of the microsomal fraction. 
It is clear that synthesis of albumin in the mito- 
chondria, if it occurs at all, must be slow compared 
with that in microsomes. In our experiments, if the 
albumin in the mitochondrial fraction was neither 
synthesized there nor due to microsomal contamina- 
tion, it might presumably have been derived from 
extracellular albumin; if so it would have been 
expected to contain I. The fact that it did not do 
so (implicit in our definition of ‘intracellular’ 
albumin) implies either that it was derived from 
within the cell or that iodine had been split from 
extracellular albumin in the mitochondria without 
degradation of the protein. 

The finding of [!*4I]albumin-breakdown products 
in the mitochondrial but not in the microsomal 
fractions indicates that microsomes are probably 
not sites of albumin breakdown, or that non-protein 
iodine is very rapidly lost from them. The actual 
amounts of non-protein iodine (Table 2) correspond 
to 0-625 mg. of [#!I]albumin in the supernatant 
fluid from which mitochondria and microsomes had 
been largely removed, to 0-112 mg. in the washings 
from the mitochondrial fraction and to 0-022 mg. in 
the mitochondrial fraction itself. These figures are 
compatible with, but do not prove, the idea that 11 
was split off from albumin in the mitochondria. The 
probability that this occurred is strengthened by 
the observations of Penn (1960) that isolated liver 
mitochondria (but not microsomes) in the presence 
of suitable cofactors can rapidly degrade rat albumin 
labelled with ['4C]phenylalanine, largely to free 
amino acids. 

Taking the mean value obtained in the third- and 
fifth-day experiments, 0-4 mg. of albumin/g. wet 
wt., for the amount of intracellular albumin, it is 
possible to calculate approximately the turnover 
time of the liver albumin. According to Gordon & 
Humphrey (1960) the liver from a rat weighing 
300 g. secretes about 12 mg. of albumin/hr. The 
total intracellular albumin in the liver of such a rat 
is about 4:5 mg. and the time taken for renewal 
of the intracellular-albumin pool is thus about 
22 min. 

It has been observed by several workers that, 
after addition of labelled amino acids, labelling of 
secreted proteins such as albumin or y-globulin is 
not detectable either in vivo or in vitro until after 
15 or more min. For chicken liver, Peters (1957) 
found that about 20 min. was required before added 
[24C]glycine appeared in the extracellular albumin, 
although he could recover labelled albumin from 
liver microsomes within 10 min., and extrapolation 
of his data indicated that some labelled albumin 
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might already have been present after 3—4 min. 
The period of time required for the first appearance 
of secreted labelled albumin is only a little shorter 
than that which we calculate to be required for 
complete replacement of the intracellular albumin. 
In our experiments three-quarters of the newly 
synthesized intracellular albumin was bound to 
subcellular particles, but the true proportion was 
probably greater, inasmuch as any disruption or 
failure to sediment the particles would increase the 
amount of albumin apparently unbound. 

These facts taken together suggest that the pro- 
cess of secretion involves rapid synthesis of albumin 
molecules, which remain attached to subcellular 
structures for a relatively much longer period, 
before being rapidly released from the cell. The 
process must resemble travel along a pipe line, since 
the time taken for the first labelled albumin mole- 
cules to be secreted in the presence of labelled amino 
acids is little less than the time taken for secretion 
of an amount of albumin equal to the whole of the 
intracellular pool. Furthermore, in an active liver, 
the time required for synthesis of albumin mole- 
cules and their passage to the surface of the cell 
cannot vary very widely from cell to cell or even 
within each cell. 


SUMMARY 


1. An estimate of the amount of intracellular 
albumin in rat livers has been obtained by an iso- 
tope-dilution method, in rats which had received 
rat [7*!Ijalbumin and been kept until equilibrium 
had been reached between the blood and the liver. 
Albumin was recovered, by precipitation with 
antibody and dissociation in a trichloroacetic acid— 
ethanol mixture, from the livers after homogeniza- 
tion and treatment with deoxycholate, and the 
specific radioactivity was measured and compared 
with that of plasma albumin. 

3. The estimates of the intracellular albumin 


9 
a 
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pool were 0-3-1-19 mg./g. wet wt. In four of seven 
experiments the value was close to 0-4 mg./g. 

4. The distribution was examined of intracellular 
albumin between mitochondrial and microsomal 
fractions and the supernatant. At least three. 
quarters of the intracellular albumin was associated 
with the particulate fractions, and was evenly 
divided between the two. 

5. The bearing of these findings on the process of 
albumin synthesis and secretion are discussed. 


We wish to thank Dr Sam L. Clark, jun., for help with one 
of the experiments, and Mr Louis Assemakis for his skilled 
technical assistance. 
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The Purification of Interferon 
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(Received 29 July 1960) 


Virus interference may be defined as an effect of a 
live or inactivated virus on host cells which results 
in that cell being unable subsequently fully to 
support the growth of a second virus. In 1957, 
during a study of interference induced by heat- 


* Present address: Department of Biological Chemistry, 
University of Aberdeen. 


inactivated influenza virus, Isaacs & Lindenmann 
(1957) observed the formation of a virus-interfering 
substance, to which they gave the name ‘inter- 
feron’. Interferon could not be detected until 


several hours after treatment with inactivated 
virus, when it appeared first in the cells and was 
subsequently released into the surrounding buffer 
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solution. Although it is different in a number of 
ways from the virus particle, it showed the interfer- 
ing ability of the original virus, and it appears to be 
the mediator of virus interference (Isaacs & Burke, 
1959). It has also been shown that interferon, or a 
very similar substance, is involved in the resistance 
shown by persistently infected cell cultures to a 
second virus infection (Ho & Enders, 1959; Henle, 
Henle, Deinhardt & Bergs, 1959). 

Interferons have been produced by the interaction 
of a number of different viruses with several kinds 
of cells. The products are functionally similar, but 
are not identical, as shown by the limited host-cell 
specificity of the action of interferon (Tyrrell, 1959; 
Isaacs & Westwood, 1959a). In contrast, interferon 
produced from inactivated influenza virus is 
capable of inhibiting the multiplication of a number 
of viruses, although to different degrees. These 
include such different viruses as vaccinia virus, 
which contains deoxyribonucleic acid (Isaacs, 
Lindenmann & Valentine, 1957), and West Nile 
virus, which contains ribonucleic acid (Isaacs & 
Westwood, 1959). 

It has previously been shown that interferon, 
prepared by the interaction of ultraviolet-inacti- 
vated influenza virus and chick chorio-allantoic 
membranes, is probably a protein which is stable 
over the pH range 2—11, but is destroyed by heating 
to 100° for 5min. It is non-dialysable and is 
destroyed by incubation with trypsin and pepsin, 
but not by incubation with ribonuclease and de- 
oxyribonuclease (Lindenmann, Burke & Isaacs, 
1957). The present work is concerned with the 
purification and characterization of interferon. 

A preliminary account of this work has been 
published (Burke, 1960). 


EXPERIMENTAL 


Interferon and interference 


Buffer. Earle’s buffered saline (Parker, 1950) was used 
throughout, with the addition of benzylpenicillin (100 i.u./ 
nl.) and streptomycin sulphate (50ug./ml.). 

Virus strains. These were the Melbourne (MEL) and 
PR 8 strains of influenza A. 

Preparation of ultraviolet-inactivated virus. Ultraviolet 
irradiation of virus, partially purified by adsorption on to 
chick red cells and elution into saline, was carried out as 
described by Isaacs, Burke & Fadeeva (1958), the dose being 
9-5 x 105 ergs/sq.cm. The irradiated virus had an infectivity 
of less than 2 ID,» (two 50% infective doses)/ml. as shown 
by two consecutive egg passages of undiluted fluid. This 
Tepresents inactivation of the original virus eluate by 
approximately 10-*. The virus was stored at — 70°. 

Preparation of interferon. Interferon was prepared by the 
interaction of ultraviolet-inactivated Melbourne virus and 
the chorio-allantoic membranes of fertile eggs (Lindenmann 
é¢ al. 1957; Burke & Isaacs, 1958). The ultraviolet-inactiv- 
ated virus (1000-1500 agglutinating doses per membrane) 
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in 50 ml. of Earle’s buffer was shaken for 1-3 hr. with ten 
chorio-allantoic membranes from fertile eggs which were 10 
or 11 days old. The membranes were washed and shaken 
overnight with 50 ml. of fresh buffer. The buffer was then 
removed, fresh buffer was added, and shaking was continued 
for a further 24 hr., after which the membranes were dis- 
carded. The two harvests were pooled, clarified by centrifug- 
ing at 1000 g for 20 min., and stored at 2°. The yield of 
interferon was affected neither by the variation, between 
the limits stated, of the time of incubation of the ultraviolet- 
inactivated virus with the membranes, nor by the age of the 
eggs; 13- or 14-day-old eggs were found to be as suitable. 
Some of the interferon used for this work was prepared by 
the Microbiological Research Establishment, Porton, and 
by Glaxo Laboratories Ltd.; the process used by the latter 
is described in the Addendum. 

Assay of interferon activity. Small portions of the 
chorio-allantoic membrane were obtained from 10- or 11- 
day-old eggs as described by Lindenmann é¢ al. (1957), six 
to eight pieces being taken from each egg. The interferon 
assay was carried out as previously described with six 
tubes per experimental group. After incubation for 18— 
24 hr. the fluids were removed and replaced by a 10-4 dilu- 
tion of PR 8 virus in Earle’s buffer. The groups were then 
incubated for a further 48 hr. before titration of their 
haemagglutinin content. Occasionally, groups were chilled 
to 2° after 48 hr. incubation, and titrated the next day, 
without any apparent change in activity. 

In earlier experiments samples were dialysed against 
Earle’s buffer before being tested for biological activity, but 
later it was found more convenient to test the samples 
without dialysis, that is, by dilution directly with Earle’s 
buffer. Dilutions were so chosen that the final concentra- 
tion of salt was insufficient to inhibit production of virus in 
similarly treated controls. The activity of purified samples 
tested in this way was higher than when they were tested 
after dialysis, presumably owing to the avoidance of surface 
losses during dialysis. 

Haemagglutinin titrations were set up and read as de- 
scribed by Lindenmann et al. (1957). 

There was considerable variation in haemagglutinin 
titres between the six members of any one group, with a 
consequent high standard deviation, usually between one 
and two twofold dilutions. This high standard deviation 
obscured the nature of the relationship between the con- 
centration of interferon and the degree to which virus yield 
is depressed, but it was clear that the virus yield increased 
more rapidly upon dilution of the interferon than was found 
by Isaacs et al. (1957). This difference might be due to a 
change in the source of interferon: interferon prepared 
from ultraviolet-inactivated virus contains much less 
protein than did that prepared from heat-inactivated virus. 
A number of attempts were made to decrease the standard 
deviation of the mean haemagglutinin titration, but none 
were successful. These included the use of different media 
(Hanks or Geys buffered salt solutions), the additions of 
0-1% crystalline bovine plasma albumin (Armour and Co. 
Ltd., Hampden Park, Eastbourne, Sussex), or 1% gelatin 
during the first 24 hr. of incubation in an attempt to 
prevent possible denaturation of interferon, variations in 
the size and age of the pieces of chorio-allantoic membrane, 
the use of membrane still attached to the cell as described 
by Fazekas de St Groth & White (1958) in an attempt to 
prevent adsorption on the chorionic surface of the mem- 
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brane, shaking instead ofrolling the tubes during incubation, 
and the use of the Melbourne strain of influenza A, instead 
of PR 8 as a challenge virus. Difficulties, which will be dis- 
cussed below, were also encountered in estimating the 
activity of purified samples. 

In practice the best way to compare two different samples 
of interferon was to test both over a series of twofold 
dilutions (usually three) and to compare the dilutions which 
gave similar degrees of interference. This gave a percentage 
activity recovery for any given stage. This figure, coupled 
with the protein concentrations, gave a purification factor 
for this particular stage, the purification factor being defined 
as the activity recovery divided by the protein recovery. 


Chromatography on cellulose ion-exchangers 


Reagents. Except where otherwise stated, buffers were 
made from sodium salts. Their concentrations are stated 
with respect to the anionic component. Analytical-grade 
reagents and ion-exchange water were used throughout. 
Cellulose was Solka-Flok, B.W. 200-mesh; 2-chlorotriethyl- 
amine hydrochloride was obtained from Eastman Kodak 
Lid. and purified by recrystallization from methanol and 
ethyl acetate, as described by Press, Porter & Cebra (1960); 
monochloroacetic acid was reagent-grade; sodium chloro- 
methanesulphonate was prepared as described by Porath 
(1957). 

Cellulose ion-exchangers. Diethylaminoethylcellulose 
(DEAE-cellulose) and carboxymethylcellulose were pre- 
pared as described by Peterson & Sober (1956). The ex- 
changers were regenerated after use by washing with 
n-NaOH to remove adsorbed proteins, and then washing 
with water. Sulphomethylcellulose was prepared from 
graded Solka-Flok and sodium chloromethanesulphonate as 
described by Porath (1957). It had about 0-3 m-equiv. of 
acidic groups/g. After use, this exchanger was regenerated 
by washing with 0-1n-NaOH followed by water until the 
filtrate was neutral. 

The ion-exchangers were prepared for use by washing in 
a sintered-glass filter funnel with 0-1m-buffer of the appro- 
priate pH and then with buffer of correct molarity until the 
pH of the eluate and buffer were the same. They were used 
to prepare columns, which were washed with buffer over- 
night at 2°. Concentration-gradient elution was carried out 
by running a buffer of higher concentration from a reservoir 
into a mixing vessel of constant volume containing the 
buffer of lower concentration. All columns were run at 2°. 

Phosphate concentration in the eluate from DEAE- 
cellulose column was determined by a micromodification of 
the method of Allen (1940). and chloride concentrations by 
calculation from the formula given by Press e¢ al. (1960). 


Starch-gel electrophoresis 


The following buffers were used: glycine-NaOH, pH 8-9, 
contained 50 m-moles of glycine and 8 m-moles of NaOH /L., 
while the buffer for the bridge solution contained 0-3 mole of 
H,BO, and 0-06 mole of NaOH/l. (Smithies, 1955); KCl- 
HCl buffer, pH 2, was that described by Gomori (1955), 
with a buffer containing 0-2 mole of KCl and 10 m-moles of 
HCI/1. as a bridge solution. 

Starch-gel electrophoresis was carried out as described by 
Smithies (1955) with hydrolysed starch obtained from 
Connaught Medical Research Laboratories, Toronto, 
Canada. The gel was prepared and poured into a Perspex 
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tray, 25 cm. x 4 cm. and 6 mm. deep, and allowed to set for 
at least 1 hr. 

Electrophoresis in the glycine-NaOH buffer was for 6 hr, 
at 11 ma and 8v/cm. or 16 hr. at 5 ma and 4v/cm. In the 
KCI-HCI buffer the current was 5 ma for 18 hr. at 0-5 v/cm, 
The gel was cut and stained with Amido-Black as described 
by Smithies (1955). Attempts to recover protein with 
biological activity from the unstained section of the gel by 
freezing, thawing and centrifuging the appropriate section 
were unsuccessful, Electrophoresis as described by Gordon 
(1960) was much more satisfactory. 

Large-scale starch-gel electrophoresis was carried out ina 
tray 25 cm. x 15 cm. x 0-9 cm. The protein sample (0-8 ml. 
of solution containing 30 mg. of protein/ml.) was applied to 
a 0-9 cm. x 13 cm. strip of Whatman seed test paper and 
placed in a slit cut near one end of the starch block. After 
electrophoresis for 18 hr. at 25 ma and 4v/cm., a thin slice 
was removed from the top of the block and stained with 
Amido-Black. Protein was recovered from the unstained 
part of the block by electrophoresis of the appropriate 
section. 


Analytical methods 


Protein. The concentration of protein solutions was deter. 
mined by measuring their absorption at 280 my, or by the 
method of Lowry, Rosebrough, Farr & Randall (1951) with 
crystalline bovine plasma albumin as a standard. Samples 
were dialysed against 0-9% NaCl soln. before determina- 
tion by the Lowry method, since benzylpenicillin at a con- 
centration of 100 i.u./ml. gave a considerable blank. Com- 
parison of the results obtained by measurement of the 
absorption at 280 my and by the Lowry method showed 
that the proteins fractionated on the ion-exchangers had an 
extinction coefficient at 280 my of 0-7-0-9 when measured 
in a 1 em. cell at a concentration of 1 mg./ml. 

Ribonucleic acid. The method of Webb (1956) was used 
with ribose as a standard. The purine ribonucleotides were 
assumed to account for half of the ribose content of the 
ribonucleic acid (RNA). The quality of the xylene was 
important, and best results were obtained with xylene 
which had been shaken with conc. H,SO, and redistilled. 

Deoxyribonucleic acid. Burton’s (1956) modification of 
the Dische reaction was used with highly polymerized 
salmon-sperm deoxyribonucleic acid (DNA) (California 
Corp. for Biochemical Research, Los Angeles 63, Calif, 
U.S.A.) as a standard. 

Carbohydrate. The method of Dische (1955) was used with 
glucose as a standard. 

Hexosamine. The hexosamine analysis was performed by 
Dr H. R. Perkins. Hexosamine as ‘glucosamine’ was esti- 
mated after separation from amino acids on a cation- 
exchange resin (Boas, 1953) by the method of Rondle & 
Morgan (1955). 

Ultracentrifugal analysis. The work with the ultra- 
centrifuge was done by Dr P. A. Charlwood using a Spinco 
Model E ultracentrifuge. Runs were done in 0:15m-KCl+ 
21-5 mm-NaH,PO, +9-5 mm-Na,HPO, buffer, pH 6:4, close 
to 20°, at 52 640 rev./min. in the 12 mm. cell. Photographs 
were taken at about 16 min. intervals. Molecular-weight 
determinations were by the method of Archibald (1947) (as 
used by Charlwood (1957)) at a speed of 17 550 rev./min., 
photographs being taken at 8 min. intervals between about 
30 and 60 min. after reaching speed. The partial specific 
volume was assumed to be 0-74. 
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RESULTS 
Initial 100-fold concentration of interferon 


The crude interferon preparation contained 150— 
200g. of protein/ml., 4—-8yug. of RNA/ml. and 6— 
12ug. of DNA acid/ml. and was faintly stained 
with haemoglobin. At a concentration of 100yg. of 
protein/ml. it depressed virus growth in the test 
system used to below 1% of that obtained in con- 
trols. The purification procedure for 51. of inter- 
feron is summarized in Table 1. 

Protein fractionation was not attempted with 
the original solution because of the small amount of 
protein present, and attention was therefore first 
turned to concentration. A 10- to 30-fold concentra- 
tion without loss of activity could be achieved by 
precipitation with ammonium sulphate. Solid 
ammonium sulphate was added to 73% saturation, 
and the solution left overnight at 2°. The precipi- 
tate was removed by centrifuging for 1 hr. at 2° 
and 1800 g, and was dissolved in a small volume of 
Earle’s buffered saline. 

After dialysis against several changes of Earle’s 
buffered saline the solution was dialysed overnight 
against an 0-ImM-potassium chloride—hydrochloric 
acid buffer (pH 2-0) and then finally against 
Earle’s buffered saline. Dialysis against buffer, pH 
2-0, served as a convenient sterilizing step and also 
caused the precipitation of some heavily pigmented 
material. It also inactivated traces of virus which 
might complicate the assay of interferon. The pre- 
cipitate was removed by low-speed centrifuging, and 
the supernatant further concentrated to about 0:-5% 
of the original volume by ultrafiltration through 
18/52 Visking (Visking Corp., Chicago, Ill., U.S.A.) 
dialysis tubing supported by a sleeve of silk net 
under 60 cm. Hg pressure against Earle’s buffered 
saline. This procedure, which was carried out at 2°, 
was primarily a concentration step, but some purifi- 
cation was also achieved without loss of activity. 


PURIFICATION OF INTERFERON 


Some attempted methods of purification 


A number of procedures were investigated in 
attempts to fractionate either the 30-fold or the 
200-fold concentrated solutions prepared as de- 
scribed above. They were only partially successful 
and are summarized briefly below. 

Electrophoresis of interferon, either on paper or 
on columns of ethanol-treated cellulose (Porath, 
1956), was not pursued, owing to poor recoveries of 
biological activity. Starch-block electrophoresis 
(Kunkel & Slater, 1952) effected very little 
purification. 

Stepwise addition of ammonium sulphate (at pH 
7-0) or of ethanol at 0—5° (Askonas, 1951) to inter- 
feron gave a series of precipitates all containing bio- 
logical activity. Because of its lack of promise this 
approach was not pursued any further. 

No significant purification was obtained by 
chromatography on a column of hydroxylapatite 
(Tiselius, Hjerten & Levin, 1956), or on the 
carboxylic cation-exchange resin Amberlite IRC-50 
(Hirs, 1955). 


Purification of interferon by chromatography on 
cellulose ion-exchangers 


Choice of conditions. In preliminary experiments, 
interferon was chromatographed on DEAE- 
cellulose columns at pH values of 5-5, 6-0 and 7-0 
without any loss of biological activity, but the 
behaviour on carboxymethyleellulose columns was 
anomalous. On chromatography on carboxy- 
methylcellulose at pH 5-5 in 0-01m-acetate, inter- 
feron was not retained by the column, but at pH 
5-0 it was adsorbed irreversibly and could not be 
eluted by 2m-acetate, pH 5-0, or by 2m-acetate, pH 
6-0. Further study showed that at pH 5-2 interferon 
was irreversibly adsorbed, whereas at pH 5-3 it was 
not retained by the column. This anomalous be- 
haviour may be due to the fact that the carboxyl 





Table 1. Purification of interferon 


Average Average 
purification activity 
Stage factor recovery 
Procedure 1 1. Ammonium sulphate precipitation followed by pressure dialysis 2-7 100 
2. Chromatography on sulphomethylcellulose at pH 2-0 2-1 60 
3. Concentration, adjustment to pH 6-6 and chromatography on 1-6 100 
DEAE-cellulose at pH 6-6 ; 
4. Concentration, adjustment to pH 5-8, followed by chromato- 2-0 12 
graphy on DEAE-cellulose at pH 5-8 (twice) 
Overall (procedure 1) 18 7 
Procedure 2 1, 2 and 3 as procedure 1 
4. Adjustment to pH 4-5 and chromatography on DEAE-cellulose 2-4 100 
at pH 4:5 
5. Adjustment to pH 5-8 and chromatography on DEAE-cellulose 0-8 25 
at pH 5-8 
Overall (procedure 2) 17 15 
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groups of the ion-exchanger are not fully ionized at 
these pH values. Sulphomethylcellulose (Porath, 
1957) was therefore prepared as the more strongly 
acidic groups are completely ionized at this pH. 
Anomalous behaviour was again observed at/pH 5-0, 
the percentage recovery varying with the buffer 
used and also with the batch of ion-exchanger. The 
use of pH values lower than 5-0 was therefore in- 
vestigated, and chromatography of interferon on 
sulphomethylcellulose at pH 2-0 was found to be 
satisfactory. Almost complete recovery of biological 
activity could be obtained, but on both sulpho- 
methylcellulose columns at pH 2-0 and DEAE- 
cellulose columns at pH 5-8 and 6-6 there was 
always considerable trailing of the activity. It was 
therefore difficult to obtain complete resolution of 
interferon from other components, and this de- 
creased the purification obtained at any given stage. 
As a result, it was advisable to use four modified 
cellulose ion-exchange columns in sequence in 
order to obtain a homogeneous product. Two pro- 
cedures for purification were worked out (Table 1), 
of which the second is the better. They were 
carried out as follows. 

Chromatography on sulphomethylcellulose. The 
200-fold concentrated solution (about 25 ml.) was 
dialysed for 24hr. against two changes of 0-Im- 
potassium chloride—hydrochloric acid buffer, pH 
2-0. The precipitate was removed by centrifuging 
for 20min. at 1000g and the supernatant run 
slowly on a pre-equilibrated sulphomethylcellulose 
column (25 cm. x 1-5 em.?). Under these conditions, 
the proteins were adsorbed as a dark-brown band 
at the top of the column. The column was then 
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Fig. 1. Chromatography of interferon (200-fold concentrat- 
ed) on a sulphomethylcellulose column 25 em. x 1-5 em.” by 
gradient elution with potassium chloride—hydrochloric acid 
buffer, 0-1-2m, pH 2-0. Volume of mixing chamber was 
250 ml. O, Extinction coefficient; @, percentage activity 
recovery; M@, chloride concentration in eluate. 
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washed with 0-1m-potassium  chloride—hydro. 
chloric acid buffer, pH 2-0, until the extinction at 
280 my was falling sharply. A _ concentration 
gradient was then applied by running 2 M-potassium 
chloride, adjusted to pH 2-0 with hydrochloric 
acid, into a 250 ml. mixing vessel containing 0-1m- 
potassium chloride—hydrochloric acid buffer. Pre- 
liminary experiments had shown that, although 
interferon was stable for at least 3 days at 2° in 
0-1m-potassium chloride—hydrochloric acid buffer, 
pH 2-0, activity dropped to about 50% in one day 
at 2° in M-potassium chloride adjusted with hydro- 
chloric acid to pH 2-0. The fractions (10 ml.) were 
therefore neutralized with 0-1N-NaOH immediately 
after collection and before the extinction at 280 mu 
was read. As shown in Fig. 1, a single broad peak of 
protein was obtained with the biological activity 
concentrated in the later fractions. Appropriate 
fractions were then pooled, the fractions containing 
the protein peak but little biological activity being 
rejected. An average of 60% of the activity was 
recovered with a purification factor of 2-1. 

Chromatography on diethylaminoethylcellulose. 
Preliminary experiments showed that there was a 
considerable loss of activity when the sulpho- 
methylcellulose eluate was concentrated by pres- 
sure dialysis aguinst 0-01mM-phosphate, pH 5-8, and 
the precipitate removed before the run on a DEAE- 
cellulose column. The loss was probably due to 
adsorption on to the precipitate. However, the 
eluate could be pressure-dialysed against 0-01m- 
phosphate, pH 6-6, and the precipitate removed 
without any loss of activity. The supernatant 
(2-3 ml.) wasrun slowly ona previously equilibrated 
DEAE-cellulose column (10 cm. x 0-3 cm.?). 

Small columns were used in this and subsequent 
fractionations since preliminary experiments had 
shown that more activity could be recovered by 
using small columns and steep eluting gradients, 
i.e. when protein concentrations were kept high. 
The column was well washed with 0-01m-phosphate, 
pH 6-6, and then a phosphate gradient started by 
running M-potassium phosphate buffer, pH 6-6, into 
a 50 ml. mixing vessel containing 0-01M-phosphate, 
pH 6-6. A change in pH, similar to that described 
by Ryle & Porter (1959), was observed when the 
phosphate concentration of the eluate began to rise, 
but it was much smaller than when sodium 
chloride in 0-01mM-phosphate, pH 6-6, was used as 
the eluting buffer. Fractions (2-5 ml.) were collected 
and the resulting chromatogram is shown in Fig. 2. 
A single peak was obtained with 100% activity 
recovery and a purification factor of 1-5-fold. The 
peak was shown to contain four components 
stained by Amido-Black by. starch-gel electro- 
phoresis at pH 8-9 (Fig. 3). When the components 
were individually recovered by electrophoresis and 
tested for their ability to inhibit the multiplication 





of i 
to | 
of 

col 
abc 
ap] 


not 


con 
chr 
col 


(Te 
ced 


obt 
pre 
che 
am 
doy 
nat 
gra 


Fig 
cell 
03 
buf 
50} 
rec 


Fig 


elu: 











196] 


ydro- 
ion at 
ration 
ssium 
hloric 
0-IM- 

Pre- 
10ugh 
2° in 
uffer, 
e day 
ydro- 
were 
ately 
0 mp 
ak of 
bhivity 
riate 
ining 
being 
r was 


ulose. 
Vas a 
lpho- 
pres- 
, and 
YAE- 
le to 
, the 
Olm- 
oved 
tant 
rated 


uent 
had 
d by 
ents, 
high. 
nate, 
d by 
into 
nate, 
‘ibed 
. the 
rise, 
lium 
d as 
cted 
g. 2. 
vity 
The 
ents 
stro- 
ents 
and 
tion 





Vol. 78 
of influenza virus, only one, fraction A, was found 
to be active. Preparative starch-gel electrophoresis 
of 30mg. of protein from the DEAE-cellulose 
column in a large block of starch gel gave only 
about 20% recovery of biological activity. This 
approach to large-scale purification was therefore 
not pursued further. 

Interferon could be separated from the other 
components, B, C and D (Fig. 3), by repeated 
chromatography at pH 5-8 on a DEAE-cellulose 
column with an increasing phosphate gradient 
(Table 1, procedure 1), or. better, by running on a 
DEAE-cellulose column at pH 4-5 (Table 1, pro- 
cedure 2). 

In the first procedure, the DEAE-cellulose eluate 
obtained at pH 6-6 was concentrated to 2-3 ml. by 
pressure-dialysis and then dialysed against several 
changes of 0-01mM-phosphate, pH 5-8. A small 
amount of precipitate was formed which carried 
down some of the biological activity. The super- 
natant had little biological activity and chromato- 
graphy on DEAE-cellulose at pH 5-8 gave a pro- 
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Fig. 2. Chromatography of interferon (sulphomethyl- 


cellulose eluate) on a DEAE-cellulose column (10 cm. x 
0-3.cm.*) by gradient elution with potassium phosphate 
buffer, 0-01—-1m, pH 6-6. Volume of mixing chamber was 
50ml. O, Extinction coefficient; @, percentage activity 
recovery; M, phosphate concentration in eluate. 
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Fig. 3. Starch-gel electrophoresis of pH 6-6 DEAE-cellulose 
eluate in glycine-NaOH buffer, pH 8-9; 8v/cm. for 6 hr. 
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duct consisting of components B and C. Therefore 
the precipitate was not removed after dialysis 
against 0-0lm-phosphate, pH 5-8, and all the 
material was adsorbed on a previously equilibrated 
DEAE-cellulose column (10 cm. x 0:3 em.?). After 
thorough washing a gradient was 
started by running 0-5M-potassium phosphate, pH 
5-8, into a 50 ml. mixing vessel containing 0-01M- 
phosphate, pH 5-8. Two partially resolved peaks 
were obtained, as shown in Fig. 4, the first of which 
contained the biological activity. Starch-gel 
electrophoresis showed that the first peak con- 
sisted mainly of band A (Fig. 3), whereas the second 
peak consisted of bands B and C. The fractions 
constituting the first peak were pooled, con- 
centrated, dialysed against 0-01mM-phosphate buffer, 
pH 5-8, and run again on DEAE-cellulose at pH 5-8, 
as above. Two partially resolved peaks were again 
obtained, the first of which was shown to give a 
single band on starch-gel electrophoresis at both 
pH 8-9 and pH 2-0. However, examination in the 
analytical ultracentrifuge by Dr P. A. Charlwood 
demonstrated the presence of about 20% ofa lighter 
component. 

In the second procedure the DEAE-cellulose pH 
6-6 eluate was dialysed against 0-01M-acetate, pH 
4-5, and run on to a previously equilibrated DEAE- 
cellulose column (10cm. x 0-3 cm.?). Interferon 
was not retained by the column, and the biological 
activity was recovered quantitatively in the eluate. 
The other components B, C and D (Fig. 3), which 
had been shown to be present by starch-gel electro- 
phoresis, were retained by the column. They could, 
however, be eluted by a gradient running up to 
0-4m-acetate, pH 4:5, with a 50 ml. mixer. The 
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Fig. 4. Chromatography of interferon (pH 6-6, DEAE- 
cellulose eluate) on a DEAE-cellulose column (10 cm. x 
0-3 cm.?) by gradient elution with potassium phosphate, 
0-01-0-5M, pH 5-8. Volume of mixing chamber was 50 ml. 
O, Extinction coefficient; @, percentage activity recovery ; 
W, phosphate concentration in eluate. 
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biologically active eluate was pressure-dialysed 
against 0-01m-phosphate, pH 5-8, and chromato- 
graphed on a DEAE-cellulose column at this pH 
under conditions which have been described above. 
A single symmetrical peak was obtained (Fig. 5), 
which gave a single band on starch-gel electro- 
phoresis at both pH 8-9 and pH 2-0. Only about 
25% of the biological activity was recovered. This 
poor recovery was observed whenever pure or 
nearly pure chromatographed. 
Good recoveries were obtained when less-pure 
material was chromatographed on DEAE-cellulose 
at pH 5-8, and the loss was probably due to surface 
losses. 


interferon was 


Attempts to obtain better activity recoveries by 
using silicone-treated pipettes in the interferon 
assay were not noticeably effective. 


Ultracentrifugal analysis 


Three preparations were examined by Dr P. A. 
Charlwood in the Spinco analytical ultracentrifuge, 
the first two prepared by procedure 1 (Table 1) and 
the third by procedure 2 (Table 1). The first pre- 
paration had almost no biological activity and its 
characteristics are recorded only for the light they 
throw on the behaviour of the second preparation. 
It was prepared by chromatography of material of 
low activity on DEAE-cellulose at pH 5-8 and was 
shown by starch-gel electrophoresis to consist of 
components B and C (Fig. 3). Examination in the 
ultracentrifuge revealed a single component of 
Soo, ~ 3°34 and of molecular weight 46 000. The two 
components, which do not differ appreciably in 
charge, must have very similar molecular weights. 

The second preparation had been purified by 
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Fig. 5. Chromatography of interferon (pH 4-5, DEAE- 
cellulose eluate) on a DEAE-cellulose column (10 cm. x 
0-3 cm.”) by gradient elution with potassium phosphate, 
0-01-0-5m, pH 5-8. Volume of mixing chamber was 50 ml. 
O, Extinction coefficient; ™, phosphate concentration in 
eluate. 
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chromatography on DEAE-cellulose at pH 5:8 as 
described in procedure 1. Ultracentrifugal analysis 
revealed two components, the lighter one account- 
ing for about 20% of the material. The Sy» ,, of the 
heavier component was 4:84s and this agrees well 
with the value of Sy» ,, found for interferon in the 
third preparation. The lighter component was 
probably composed of a mixture of components B 
and C (Fig. 3) which have already been shown to be 
separated only with difficulty from interferon by 
chromatography on DEAE-cellulose at pH 5:8. 

The third preparation had been purified by pro- 
cedure 2 (Table 1). This behaved in the ultracentri- 
fuge as a single component with a molecular weight 
of 63 000 and a sedimentation constant of 4-77s (at 
4% concentration). 


Properties of interferon 


The most active preparation of interferon ob- 
tained was the eluate from the pH 4:5 DEAE- 
cellulose column in procedure 2, stage 4. When 
diluted to a protein concentration of 6yg./ml. it 
depressed virus growth, in the test system used, to 
3% of that obtained in controls. This material had 
been purified about 20-fold, as shown by the purifi- 
cation factor and also by comparison of the protein 
concentrations of preparations of crude and purified 
material having comparable biological activities. 

The preparation analysed was that obtained 
from procedure 2, stage 5, and this exhibited a 
typical protein ultraviolet spectrum. The results of 
analyses expressed as % of protein concentration 
were: RNA, < 0:03; DNA, 0-3; carbohydrate, 1-6; 
hexosamine, 2-4. 


DISCUSSION 


Three kinds of evidence for the purity of the final 
interferon preparation have been obtained. Chro- 
matography on DEAE-cellulose at pH 5-8 with an 
increasing phosphate gradient gave a single sym- 
metrical peak, and starch-gel electrophoresis at 
both pH 8-9 and 2 revealed only a single band. 
Finally, examination in the analytical ultracentri- 
fuge showed a single component of Sj. ,, 4°77 and 
molecular weight 63 000. 

From the Svedberg equation and the measured 
values of the sedimentation constant and the 
molecular weight, a value for the diffusion co- 
efficient of Dy = 7:07 x 10-*cm.2/sec. can be 
obtained. This is in quite good agreement with the 
mean value of 7:4x 10-7 cm.2/sec. obtained by 
Porterfield, Burke & Allison (1960) by measure- 
ment of the rate of diffusion of interferon through 
agar gel, and used by them to calculate a maximum 
molecular weight. The value for the diffusion co- 
efficient obtained by Porterfield et al. (1960) depends 
on the measurement of the rate of diffusion in agar 
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of the biological activity; and, although this 
method is not a precise one, the agreement between 
the two values for the diffusion coefficient indicates 
that the biologically active molecule is the com- 
ponent observed in the ultracentrifuge. 

An estimate of the isoelectric point of interferon 
can be made from the chromatography data. Inter- 
feron is retained by a DEAE-cellulose column at 
pH 5-0 but not at pH 4-5, and this suggests that 
the isoelectric point of interferon lies between pH. 
4-5 and 5:0. Wagner (1960) has suggested that 
interferon is a basic protein because of its adsorp- 
tion by bentonite. However, the chromatography 
data do not support this suggestion. 

Analysis of the purified preparations of inter- 
feron shows that it is a protein containing small 
amounts of carbohydrates and no nucleic acid. The 
nucleic acids have been involved so deeply in the 
mechanism of virus multiplication that previous 
work, which on the basis of experiments with 
enzymes indicated that interferon was a protein 
rather than a nucleoprotein, was cautiously inter- 
preted, since some nucleoproteins (e.g. elementary 
virus particles) resistant to nucleases are known. 
The evidence that interferon is a protein may be 
summarized as follows: first, the behaviour on 
treatment with proteolytic enzymes; secondly, the 
molecular weight of 63000, which excludes the 
possibility of its being nucleoprotein; and thirdly, 
the analysis of the purified material. 


SUMMARY 


1. Interferon, prepared by the interaction of 
ultraviolet-inactivated influenza virus and chick 
chorio-allantoic membranes, has been purified about 
20-fold. 

2. The purified preparation of interferon could 
not be resolved by chromatography on modified 
cellulose ion-exchange columns. It gave a single 
band on starch-gel electrophoresis at pH 8-9 and 2. 
Examination in the ultracentrifuge revealed a 
single component of molecular weight 63 000 
(Sop, y 4°77). 

3. The purified preparation is a protein con- 
taining no nucleic acids and only small amounts of 
carbohydrates. 
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Dr P. A. Charlwood for determining the sedimentation 
constant and molecular weight of interferon, to Dr H. R. 
Perkins for the hexosamine analysis, and to Dr A. H. 
Gordon for help with the electrophoretic elution from 
starch gel. I would like to thank Miss V. Coker and Miss R. 
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ADDENDUM 


Preparation of Interferon 


By R. D. ANDREWS anp J. A. DUDGEON 
Glaxo Laboratories Lid., Greenford, Middlesex 


The method used was basically that described by 
Burke & Isaacs (1958) and consisted in exposing 
chick chorio-allantoic membranes to influenza virus 
(Melbourne), irradiated by ultraviolet light, and 
harvesting the culture fluid. 

The inactivated seed virus was prepared by ir- 
radiating 3ml. of allantoic fluid containing the 
Melbourne strain of influenza virus in a 4 in. Petri 
dish for 1 min., 7 cm. beneath a Phillips T.U.V. 
tube with a maximum emission at 2537A. The 
haemagglutinating capacity of the inactivated- 
virus preparation was determined by making serial 
twofold dilutions of this material in 0-9% NaCl soln. 
in 0-25 ml. volumes and adding an equal volume of 
0-5% fowl red-cell suspension to each dilution. 
After settling at room temperature the sedimenta- 
tion patterns were observed. One agglutinating 
unit was taken as the highest dilution giving partial 
agglutination, and the titres were expressed as the 
reciprocal of the initial dilutions of inactivated 
virus at the end point. The seeding of the 5 1. glass 
bottles containing the membranes was at the rate of 
1000 haemagglutinating units per membrane. 

Eggs were incubated in large commercial incu- 
bators for 10 days, and the fertile eggs, after 
swabbing with 50% aqueous ethanol, were drilled 
through the end opposite the air sac. After removal 
of this part of the shell, the embryo, yolk sac and 
allantoic fluid were pulled out and discarded. The 
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chorio-allantoic membranes were removed and 
placed in a beaker of Earle’s medium (40 membranes 
per beaker). The Earle’s medium at all stages was 
reinforced with 500yg. of benzylpenicillin/ml. and 
500yg. of streptomycin sulphate/ml. 

Each membrane was washed individually in more 
Earle’s medium to clear it of yolk, albumin and 
blood, and 40 washed membranes were placed in a 
5 1. glass bottle containing 200 ml. of medium. These 
bottles were seeded with ultraviolet-irradiated 
Melbourne virus and rocked in a 37° incubator for 
3 hr. 

After incubation for 3 hr. with seed virus, the 
membranes were removed from the bottles, washed 
in Earle’s medium to remove surplus virus and put 
into further 5 1. bottles, each containing 200 ml. of 
Earle’s medium. They were then rocked at 37° for 
16—18 hr., when the first harvest was taken. The 
membranes were reincubated as before in Earle’s 
solution in fresh 5 1. bottles for a second harvest. 

The culture fluid containing interferon was 
harvested in 500 ml. blood bottles and clarified by 
centrifuging at 320 g for 20 min. The supernatant 
interferon solution was removed and tested for 
sterility. The second harvest received identical 
treatment. 
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Lipo-amino Acid Complexes from Bacillus megaterium 
and their Possible Role in Protein Synthesis 


By G. D. HUNTER anp R. A. GOODSALL 
Chester Beatty Research Institute, Institute of Cancer Research: Royal Cancer Hospital, 
Fulham Road, London, S.W. 3 


(Received 18 August 1960) 


In the course of studies of protein synthesis in 
cell-free systems derived from Bacillus megaterium, 
it was found that some of the labelled amino acids 
apparently incorporated into protein could be 
solubilized by methanol, lipase or dilute alkali and 
obtained in a form no longer precipitable by tri- 
chloroacetic acid (Hunter, Brookes, Crathorn & 


Butler, 1959). When the labelled membrane fraction 
was extracted with deoxycholate, it was further 
found that the solubilized material contained 
protein having a higher specific radioactivity than 
the protein of the insoluble portion. These results 
stimulated a study of the possible role of lipids in 
the amino acid incorporation process, and it has 
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been shown that lipoidal substances become labelled 
very rapidly when [C]amino acids are incubated 
with protoplasts or the cytoplasmic membrane 
fraction of B. megaterium. As briefly reported else- 
where (Hunter & Goodsall, 1960) these lipo-amino 
acid complexes possess many of the properties to be 
expected of precursors of protein, and a more 
detailed account of the work is now given. 


METHODS 


Organism. The strain of B. megaterium (originally KM) 
was cultured as described by Butler, Crathorn & Hunter 
(1958). For all the experiments described here the organism 
was grown at 30° in a glucose-salts medium (C medium, 
McQuillen, 1955). 

Experiments with protoplasts. As described by Hunter 
et al. (1959), the conversion of whole cells (approx. 4 mg./ 
ml.) into protoplasts was effected at 30° in a medium con- 
taining 0-02 % of lysozyme and 0-5mM-KH,PO,, brought to 
pH 7-0 with NaOH. The protoplasts were sedimented and 
then resuspended (approx.3mg./ml.) in a medium of the fol- 
lowing composition (%, w/v), finally brought to pH 7-0 with 
NaOH: glucose, 1; NH,Cl, 0-2; Na,HPO,, 0-6; KH,PO,, 
7-15; NaCl, 0-3; Na,SO,,10H,O, 0-025; MgCl,,6H,O, 
0-0085. The protoplast suspensions were aerated by 
rotary shaking at 30° for 30-60 min. before the labelled 
amino acids were added, and the shaking was then con- 
tinued for the time required. The incubations were usually 
terminated by cooling the incubation flask and its contents 
as rapidly as possible to about 5° and then the protoplasts 
were sedimented in a centrifuge precooled to 0-5°. Chlor- 
amphenicol and crotoxin (phospholipase A, kindly supplied 
by Dr C. Long) were both used at concentrations of 200yug./ 
ml. Extractions of the protoplasts with acetone or 
methanol were usually carried out at 0-5° after removal of 
the culture medium by centrifuging; approx. 100 ml. of 
solvent was used for each gram of protoplasts. Occasionally 
the extractions were carried out immediately, when the 
organic solvent was added in a final concn. of 90% (v/v) to 
the whole incubation medium. The clear extracts obtained 
by centrifuging were freeze-dried below 50°. The centrifugal 
sediment still contained the ribonucleic acid (RNA) which 
could be quantitatively extracted by the phenol-ethyl- 
enediaminetetra-acetate method (Littauer & Eisenberg, 
1959). 

Paper chromatography and radioautography. The routine 
paper-chromatographic separation of lipo-amino acid com- 
plexes from amino acids was carried out by upward flow on 
Whatman 3 MM paper with butan-2-one-acetic acid—water 
(3:1:1, by vol.) as the developing solvent. The separation 
could be satisfactorily carried out on a semi-preparative 


Scale without appreciable alterations in the R, of the 


materials. Quantities of material up to 50 mg. have been 
successively fractionated. Paper chromatography on paper 
impregnated with silicic acid was carried out as described 
by Lea, Rhodes & Stoll (1955). Other paper-chromato- 
graphic methods have been described previously, together 
with the radioautographic techniques used (Hunter e¢ al. 
1959). 

Column chromatography. Chromatography on silicic acid 
was carried out according to Hirsch & Ahrens (1958). After 
the fractions containing neutral lipids were removed, the 
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phospholipid fraction was usually obtained by eluting the 
material remaining on the column with methanol. 

Columns of diethylaminoethylcellulose (DEAE-cellulose) 
were prepared for ion-exchange partition chromatography 
in water saturated with butan-l-ol, and were washed with 
the same solvent. The lipid extracts were applied in 
butan-1l-ol saturated with water, and fractions were col- 
lected by elution with the same solvent, followed by 
methanol, methanol-acetic acid (1:1, v/v) and, finally, 
aqueous acetic acid (90%, v/v). 

Assays of radioactivity. Protein and other solid samples 
were prepared for radioactive assay as described previously, 
and end-window counting of the samples was carried out as 
before (Butler et al. 1958; Crathorn & Hunter, 1957). 

Samples of column fractions were usually dried down on 
aluminium planchets and assayed at zero self-absorption by 
the same end-window apparatus; lume of a [!C]amino 
acid gave a count of approx. 150/min. under these condi- 
tions. Samples eluted from paper chromatograms were 
assayed in the same way. 

Materials. Generally-labelled L-amino acids (5-9y0c/ 
pmole) were supplied by The Radiochemical Centre, 
Amersham, Bucks, and were used as supplied without any 
dilution with [?*C]amino acids. Silicic acid for chromato- 
graphy was obtained from L. Light and Co. Ltd., Coln- 
brook, Bucks. DEAE-cellulose was supplied by Kodak 
Ltd., Kirkby, Liverpool. 


RESULTS 


Formation, extraction and fractionation of the 
labelled lipo-amino acid complexes 


In the initial experiments, labelled amino acids 
were incubated with protoplasts for short periods, 
and after rapid cooling the protoplasts were sedi- 
mented and extracted with methanol or acetone. 
After the solvent was removed, the extracted 
material was subjected to paper chromatography 
followed by radioautography. The radioautograms 
showed in every case a prominent-labelled spot run- 
ning with a higher R, than the amino acid added. 
These labelled spots corresponded to areas staining 
with Sudan black (Swahn, 1952) and are probably 
best termed lipo-amino acid complexes. The 
mobilities of the lipo-amino acid complexes derived 
from three of the amino acids most frequently used 
are given in Table 1. The absolute R, values are 
liable to vary quite considerably in the very volatile 
solvent unless it is freshly made up. 


Table 1. Mobilities of some amino acids and the 
corresponding lipo-amino complexes 


The solvent system used was butan-2-one—acetic acid— 

water (3:1:1, by vol.). All measurements were made by 

upward flow. 
Amino acid 


Ry, of amino acid R, of complex 


Arginine 0-16, 0-25 (2 spots) 0-62 
Phenylalanine 0-85 0-95 
Threonine 0-60 0-85 
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Two studies illustrated in Fig. 1 show the time 
course of the labelling of lipid, protein and RNA 
fractions of protoplasts. It can be seen that the 
specific activity of the cellular lipid is relatively 
high at early times. The actual total radioactivity 
of the lipid very soon drops below that to be found 
in the protein, although, in one experiment where 
100 mg. of protoplasts were incubated in 25 ml. of 
medium with 3c of L-[14C]phenylalanine for only 
15 sec. before adding 200 ml. of ice-cold methanol, 
the lipo-amino acid complex acquired a total 
radioactivity of 19u4mc, whereas only 6umc was 
found in the total trichloroacetic acid-precipitable 
material left after the removal of the lipo-amino 
acid. 
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Fig. 1. Uptake of amino acids into the lipid (O), protein 
(A) and RNA (@) fractions by protoplasts. (a) Protoplasts, 
(1-5 g.) incubated with 30yc of L-[C]arginine; (5), 1-4 g. of 
protoplasts incubated with 20uc of 1-[*C]threonine. 
Samples were taken at the indicated times, and other 
manipulations were as described in the text. 


G. D. HUNTER AND R. A. GOODSALL 


1961 


There was no doubt that the labelled amino acid 
was tightly bound in the lipo-amino acid complex. 
Elution of the labelled spots from the paper with 
methanol, equilibration of the eluted material with 
a large excess of the free unlabelled amino acid at 
room temperature either in aqueous or methanolic 
medium, and subsequent rechromatography again 
gave a complete separation of the lipo-amino acid 
complex from the free amino acid, without any loss 
of radioactivity or alteration in R,. Subsequent 
work (see below) on column chromatography has 
incidentally confirmed this result many times over. 
The label was fixed as the unchanged amino acid 
residue, for the amino acid could be recovered in 
almost quantitative yield (in terms of MC) by 
incubating the lipo-amino complex with 0-1n- 
sodium hydroxide for 30 min. and then hydrolysing 
overnight with 6N-hydrochloric acid. The amino 
acid was then detectable by chromatography and 
radioautography in all three cases (alanine, phenyl- 
alanine and arginine) investigated. For some 
reason not fully understood, a direct hydrolysis 
with acid failed to give a quantitative recovery of 
the amino acid, but this may perhaps be related to 
an insolubility of the unaltered lipo-amino acid 
complex in aqueous media. 

Column chromatography on silicic acid was thea 
applied to determine in which fraction of the lipid 
the radioactivity resided. The main fractions of 
neutral lipids were eluted with mixtures of light 
petroleum and ether, and were essentially un- 
labelled. The ‘monoglyceride’ fraction eluted with 
pure ether also contained, with one exception, very 
little 4C, and practically all the 4C appeared in the 
‘phospholipid fraction’ eluted with methanol. The 
one exception was when material originating from 
L-[4C]phenylalanine was used. In this case, 
although the bulk of the neutral lipid eluted from 
the column according to the scheme of Hirsch & 
Ahrens (1958) was unlabelled, the final fraction 
obtained with 100% ether had a substantial radio- 
activity. L-[!4C]Phenylalanine also gave anomalous 
results, in that the lipo-amino acid complex 
obtained when a given quantity of this amino acid 
was used was always considerably more highly 
radioactive than that obtained from any of the 
other [?4C]amino acids used (alanine, aspartic acid, 
arginine, leucine, valine and threonine). The 
material eluted with ether in experiments with 
phenylalanine has not been examined more closely 
as yet, as it may well be an artifact (see below). The 
usual procedure in most experiments has been to 
remove the neutral-lipid fraction with ether and 
then elute the ‘phospholipid fraction’ with pure 
methanol. This fraction also contains free amino 
acids, but these can be removed by paper chromato- 
graphy as above either before or after the column 
chromatography. 
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Since methanol does not solubilize all the cellular 
phospholipid, the experiments were repeated with 
several extractions with methanol—chloroform (1:1, 
v/v), but no more labelled complex was extracted, 
even at room temperature, than when pure 
methanol was used. Further, nearly all the label 
could be extracted with acetone, and was in fact 
still soluble in dry acetone after the extract was 
freeze-dried, although the bulk of the phospholipid 
was insoluble under these conditions. This method of 
extraction has been used in most of the later 
experiments ; in addition to a substantial separation 
from the bulk of the phospholipid, several of the 
free amino acids used (e.g. threonine) are almost 
completely insoluble in dry acetone. One exception 
was L-[4Clarginine; its lipo-amino acid complex 
was insoluble in acetone, and also could not be 
fractionated on silicic acid as it became firmly 
bound, presumably by salt-linkage with its guanid- 
ine groups. 

In view of these results, it was not altogether 
surprising to find that the labelled material obtained 
in the methanol eluates from the silicic acid columns 
did not correspond in mobility to any of the common 
phospholipids when further fractionated by chro- 
matography on paper impregnated with silicic acid. 
Thus the labelled material derived from t-[!4C]- 
phenylalanine ran with an R, of 0-95 in the 
methanol—chloroform solvent of Lea et al. (1955). 
The material derived from L-[!4C]threonine ran with 
a slightly lower R, (0-9), but, in every case, a clear 
separation was effected from all the known classes 
of phospholipids with the exception of free phos- 
phatidic acids. Although phosphatidic acids are 
substantially insoluble in acetone, it was neverthe- 
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less uncertain whether the labelled material eluted 
from the paper was contaminated with free phos- 
phatidic acids. Alkaline hydrolysis of the eluted 
material gave glycerol and fatty acids (both 
identified chromatographically), and it is therefore 
possible that these substances could have originated 
from contaminating free phosphatidic acids rather 
than the complex itself. 

This separation on paper impregnated with silicic 
acid was in any case unsuitable for processing other 
than small quantities of material, and a more satis- 
factory procedure has now been developed by using 
a combination of partition and ion-exchange chro- 
matography on DEAE-cellulose. The methanol 
eluates from the silicic acid columns were dried 
down, dissolved in butanol saturated with water, 
and directly applied to the DEAE-cellulose 
columns. The DEAE-cellulose columns retain free 
amino acids under the conditions we have used and 
thus the material eluted consisted entirely of the 
lipo-amino acid complexes. The results of an experi- 
ment where the amino acid used was t-[{!4C]- 
threonine are shown in Table 2A. Only the material 
in fraction 1 eluted with butanol contained much 
phosphorus, and careful re-running of fraction 1 
showed that the label followed the phosphorus 
content and weight of eluted material. This first 
fraction was almost certainly phospholipid. The 
major part of the radioactivity was eluted in 
fraction 2 and contained no phosphorus. However, 
although the positions of the peaks of activity 
remained constant in different experiments, the 
proportion of label in fraction 1 was much greater 
in some experiments (e.g. that shown in Table 2B), 
and the amount of label in fraction 3 much less. 


Table 2A. Chromatography of the ‘phospholipid fraction’ on diethylaminoethylcellulose 


The chromatography was carried out as described in the Methods section on a column of DEAE-cellulose, 
31 cm. x 1-7 em. Whole cells (10-0 g.) were converted into protoplasts in five equal batches and incubated for 
30 min. in the medium described (see Methods) before harvesting and extraction with acetone in the usual way. 
The extracts were then added to an extract similarly obtained from protoplasts derived from 0-8 g. of whole cells 
that had been further incubated for 5 min. with L-[1C]threonine (20 uc) before harvesting. The methanol eluate 
from the silicic acid column that was used in the preliminary removal of the neutral lipids contained 0-245 g. of 


material and a total radioactivity of approx. 350 umc. 


Total 
radioactivity Weight r 
Fraction Eluted with (umc) (mg.) (%) 
1 Butan-1l-ol saturated with water 17:3 48-3 2-7 
2 Methanol 293 149 0-11 
3 Methanol-acetic acid (1:1, v/v) 26-5 0-66 


59-8 


Table 2B. Chromatography of a second preparation of the lipo-threonine complex (721 mg.) as in Table 2A 


Total 
radioactivity Weight ¥ 
Fraction Eluted with (umc) (mg.) (%) 
1 Butan-1-ol saturated with water 36 438 2-8 
2 Methanol 40 160 0-0 
3 Methanol-acetic acid (1:1, v/v) 30 61 0-64 
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Possibly fractions 2 and 3 represent degradation 
products of fraction 1. When material obtained 
from experiments with other labelled amino acids 
was used, two major fractions were again always 
obtained, but in some cases (e.g. that of leucine) 
two peaks of activity were obtained in the butanol 
fraction. 


Origin and function of the lipo-amino acid complexes 

The lipo-amino acid complexes extracted with 
acetone appear to be substantially free from arti- 
facts. Thus they are not formed at all when the 
labelled amino acid is added only at the same time 
Further, if the incubation of the 
protoplasts with the labelled amino acid is carried 


as the acetone. 


out in the presence of enough chloramphenicol to 
inhibit protein synthesis, the labelling of the lipo- 
amino acid complexes is decreased to a low level. 
Phenylalanine is again exceptional, in that the 
decrease is only to 20% rather than 0-5% of the 
control figure, and it seems that the formation of 
that part of the lipo-phenylalanine complex that is 
eluted from silicic acid with ether is little affected 


Table 3. Effect of chloramphenicol on the accumula- 
tion of u-[*4C]leucine by protoplasts of Bacillus 
megaterium 


In each experiment 60 mg. of protoplasts were incubated 
with 2c of L-[**C]leucine for 15 min. at 30°, and, at the 
end of this period, half of the protoplasts was collected and 
freeze-dried for assay of total activity; the other half was 
precipitated with trichloroacetic acid, for estimation of the 
radioactivity of the protein, after lipids and nucleic acids 
had been removed by the usual procedures. 


Total radioactivity 


(umc) present in Total radioactivity 


-—————.._ in the ‘free amino 
Whole acid pool’ 
Jhloramphenicol Protein protoplast (umc) 
Absent 1080 1660 580 
Present 43 790 747 


(200 mg./ml.) 


Table 4. 
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by chloramphenicol. with this 
amino acid the decrease in labelling is very sub- 
stantial. As shown in Table 3, chloramphenicol 
does not greatly affect the accumulation of free 
amino acids by the protoplasts, so that the lipo- 
amino acids do not presumably function in gross 
transport processes. Incidentally, crotoxin (phos- 
pholipase A) also inhibits the labelling of the lipo- 
threonine complex in parallel with its inhibition of 
protein synthesis. 

The extent of labelling of the lipo-amimo acid 
complexes can be altered in any one experiment by 
varying the time and the relative weights of proto- 
plasts and added amino acid. As shown in Fig. 2, 
with phenylalanine, over 5% of the added amino 
acid can be rapidly transformed into lipo-amino 


However, even 
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Fig. 2. Conversion of phenylalanine into the lipo-amino 
acid complex and protein. Protoplasts (400 mg.) were incu- 
bated with 12yuc of L-[C]phenylalanine, and cold methanol 
was added to samples at the indicated times. The other 
manipulations were as described in the text. O, Lipo- 
amino acid complex; A, protein. 


Apparent passage of [!4C|phenylalanine residues through the lipo-amino acids 


during protein synthesis by protoplasts 


In each experiment 0-47 g. of protoplasts was incubated with 3-7 uc of L-[4C]phenylalanine, and 50 mg. of 
-{12C]phenylalanine was added at the indicated times. Other conditions and manipulations were as described in 
the text. The total radioactivity of the lipo-amino acids was determined by the elution and assay of material 
separated paper chromatographically ; that of the protein was determined by removing lipid and nucleic acids 


from trichloroacetic acid precipitates in the usual way. 


Time of incubation with 
L-[#4C ]phenylalanine 
before adding 
L-[!2C]phenylalanine Fraction 
Lipo-amino acid 

Protein 


45 sec. 


Lipo-amino acid 
Protein 


3 min. 


Total radioactivity (mc) 
present after a further Increase in 


radioactivity 





5 min. 15 min. (mc) 
26-9 10-9 — 16-0 
42-0 52-0 + 10-0 
34-0 13-3 — 20-7 
96-0 120-0 + 24-0 
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acid complex in a few minutes, provided that the 
weight of added amino acid is large in relation to the 
weight of protoplasts. On the other hand, in an 
experiment where | g. of protoplasts was incubated 
with only 53g. of L-[4C]phenylalanine (2-67yc), 
nearly all the label was converted into protein in 
5 min. and the label in the lipo-amino acid complex 
dropped to only 2umc, after an initial rise (at 
1 min.) to at least 32umc. Thus it seemed that the 
label of the lipo-amino acid complex could be used 
for protein synthesis. An experiment (Table 4) 
where the labelled amino acid was followed shortly 
afterwards by a large excess of the corresponding 
[2C]amino acid could also be interpreted most 
simply on the same basis. After enough time for the 
unlabelled amino acid to penetrate to the site of 
formation of the lipo-amino acid complex had 
elapsed, samples were taken and the total radio- 
activity in the lipo-amino acid complex and in the 
protein was measured. Further incubation then 
resulted in the gain in label of the protein being 
very close to the loss in label of the lipo-amino acid 
complex. 

Finally, it has been shown that protoplasts can 
convert the isolated lipo-amino acid complexes into 
protein. Variable results were obtained in initial 
experiments, until it was found that conversions of 
the order of 20-60% could be obtained if the 
complexes were added to the protoplast medium in 
olive oil. In further experiments (Table 5), fraction 2 
of the lipo-threonine complex from the DEAE- 
cellulose column was converted into protein by 
protoplasts in approx. 70% yield, and this conver- 
sion was not depressed when a large weight of un- 
labelled t-threonine was simultaneously added to 
the medium. 


DISCUSSION 


Lipo-amino acids have been isolated from a 
variety of cell types in recent years, and a few of the 
better-documented cases will be mentioned here. 
Cmelik (1955) has extracted complexes of phospho- 
lipids and amino acids from typhoid bacteria, and 


Table 5. Incorporation of an isolated fraction of the 
lipo-threonine complex into protein by protoplasts 


Protoplasts (40 mg. in each treatment) were incubated at 
Fraction 2 (see Table 2) of the lipo- 
threonine complex (8-3umc) was added with or without 
10mg. of t-[?2C]threonine in 0:4 ml. of olive oil in each 
experiment, and the incubation continued for a further 
30 min. before it was terminated by the addition of tri- 


chloroacetic acid. ; ; ' 
Conversion of 
lipo-threonine into 


Total radioactivity 
in the isolated 


protein protein 
L-[12C]Threonine (wmc) (%) 
Present 6-0 72 
Absent 6-3 75 
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similar complexes have been found in extracts of 
Penicillium chrysogenum (Gaby, Naughten & Logan, 
1959). Westley, Wren & Mitchell (1957) found that 
most of the non-protein amino acids in young 
larvae of Drosophila melanogaster are to be found in 
a lipid-soluble fraction. Hendler (1959) has found 
lipo-amino acids in minces of hen-oviduct, where- 
as, more recently, complexes of amino acids and 
phospholipids have been isolated by Gaby & 
Silberman (1960) from rabbit-liver and by Wallach, 
Soderberg & Bricker (1960) from ascites-tumour 
cells. Wren (1960) has considered the question 
whether these complexes might arise as artifacts in 
the course of extraction procedures. His conclu- 
sions, based largely on experiments carried out with 
D. melanogaster, were that although some lipo- 
amino acids are artifacts, others do exist in vivo. 
Gaby & Silberman (1960) have also taken pains to 
show that the complexes they isolated from rabbit 
liver were formed metabolically. On the other hand, 
Haining, Fukui & Axelrod (1960) considered that 
the lipo-amino acid complexes they extracted from 
cellular fractions of rat liver were mainly artifacts. 
However, the latter group of workers were following 
the incorporation of labelled amino acids into a 
relatively inactive system which probably favoured 
artifact formation, and in any case they made little 
attempt to fractionate the gross lipid extract that 
they obtained. In the present work, the experiments 
with chloramphenicol in particular make it un- 
likely that the bulk of the lipo-amino acid material 
studied was an artifact. 

Thus it seems fairly well established that some 
lipo-amino acids are normal cellular metabolites, 
and the next question that arises is that of their 
function in the cell. Gaby et al. (1959) thought that 
the complexes formed in P. chrysogenum occurred 
to such an extent and were so rapidly metabolized 
that they must play an important part in the 
metabolism of amino acids by the cell. Hendler 
(1959) went considerably further and suggested, 
largely as a result of kinetic studies of the passage of 
[4C]amino acids through lipoidal fractions ex- 
tracted from the hen-oviduct, that they might well 
function as intermediates in protein synthesis. In 
this connexion, Hendler (1960) has briefly reported 
that similar complexes have been found in ribo- 
somes from Escherichia coli. This is in accord with 
the results obtained by Westley et al. (1957) who 
showed that the lipo-amino acid complexes found in 


larvae of Drosophila strikingly diminished in 


amount as protein was synthesized. 

The results reported here again lead to the con- 
clusion that the amino acid residues of lipo-amino 
acids can be used for protein synthesis. It is, of 
course, possible that they are not obligatory inter- 
mediates in protein synthesis but are storage forms 
of activated amino acids. 


But in that case it seems 
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unlikely that they should be formed in protoplasts 
capable of very rapid protein synthesis, and that 
the process of their formation should be sensitive to 
the action of chloramphenicol, which does not 
inhibit the formation of activated amino acids or 
their binding to RNA (Hunter et al. 1959). The rate 
of labelling of the RNA-amino acids complexes is 
roughly linear; similar findings have been reported 
by Hendler (1959). As he pointed out, this is not 
what would be expected of a precursor of protein, 
but it is difficult to draw any definite conclusion, as 
the material extracted is presumably a complex 
mixture, including, possibly, much RNA that is 
biologically inert. 

Our main conclusions, therefore, are that lipo- 
amino acids are normal cellular metabolites of 
B. megaterium and that the amino acid residues so 
bound can readily be used for the synthesis of 
protein without prior conversion into free amino 
acids. 


SUMMARY 


1. When protoplasts of Bacillus megaterium are 
incubated with [14C]amino acids in growth medium, 
some of the amino acid is bound tightly in the form 
of a lipo-amino acid complex or complexes, which 
can readily be extracted by acetone or methanol 
and separated from free amino acids chromato- 
graphically. The amino acids may be recovered un- 
changed from the complexes by hydrolysis. 

2. When chromatography on silicic acid is carried 
out, the labelled lipo-amino acids can be eluted 
with methanol in the ‘phospholipid fraction’. Very 
little radioactivity can normally be eluted with the 
neutral lipid fractions. 

3. The labelled lipo-amino acid complexes can be 
further separated into phospholipid and phos- 
phorus-free fractions by chromatography on di- 
ethylaminoethylcellulose. 

4. The labelled lipo-amino acid complexes 
studied here are not formed when the incubations 
are carried out in the presence of chloramphenicol 
or crotoxin, or when the labelled amino acid is 
added at the time of solvent extraction. 


G. D. HUNTER AND R. A. GOODSALL 


5. Various experiments suggest that the radio- 
activity bound in both intrinsic and added lipo. 
amino acid complexes can be used directly for 
protein synthesis by protoplasts, apparently with- 
out prior hydrolysis to free amino acids. 
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Developments of liquid-scintillation counting as 
a practical method for the assay of radioisotopes in 
biological samples followed work by Reynolds, 
Harrison & Salvini (1950) and Kallmann & Furst 
(1950). Reviews of progress and developments in 
liquid-scintillation counting have been given by 
Davidson & Fiegelson (1957) and Bell & Hayes 
(1958). Guinn (1958) and Stitch (1959) have re- 
viewed the advantages and disadvantages of liquid- 
scintillation counting. The advantages cited include 
freedom from self-absorption and window-absorp- 
tion, simplicity of sample preparation, high sensi- 
tivity and reproducibility and ease of absolute 
calibration. Amongst the disadvantages are the 


high cost of the complex apparatus, the lowering of 


efficiency caused by phosphorescence quenching 
and the limitation of its use to samples soluble (or 
readily suspended) in the liquid scintillator. The 
mechanism of phosphorescence-quenching processes 
is discussed by Kallmann & Furst (1958). 

The liquid-scintillation counting of tissues, 
proteins and amino acids has been accomplished in 
several ways. Counting of suspensions has been 
adopted for tissues and proteins (Hayes, Rodgers & 
Langham, 1956; Funt, 1956; White & Helf, 1956; 
Funt & Hetherington, 1957). Water-soluble sub- 
stances have been blended with scintillator with 
1:4-dioxan—naphthalene systems (Furst, Kallmann 
& Brown, 1955). The CO, from digested tissues 
and proteins has been trapped in methanolic solu- 
tions of the free base of the quaternary ammonium 
compound Hyamine 10-X. Such solutions are 
completely miscible, with scintillator (Passmann, 
Radin & Cooper, 1956; Eisenberg, 1958). A solu- 
tion of this free base has also been used to dissolve 
amino acids, and even proteins are soluble if incu- 
bated for 2hr. at 60° (Radin, 1958; Passmann, 
Radin & Cooper, 1957; Steinberg, Vaughan, 
Anfinsen & Gorry, 1957; Vaughan, Steinberg & 
Logan, 1957). 

The chemical procedures required for the pre- 
paration of suspensions, solutions of the free base of 
Hyamine 10-X and digestion of tissues are lengthy. 
It was for this reason that the authors sought to 





dissolve dried tissues and proteins directly in a 
solution of the chloride form of Hyamine 10-X in 
methanol. 

The high efficiencies attained (90% for xylene- 
soluble sources and 60% for sources soluble in 
aqueous solutions), and the method of blending 
sources insoluble in scintillator, together with the 
considerable number of variables which affect the 
efficiency and reproducibility of both blending and 
counting, should be of general application and of 
interest to workers in this and other fields. 


APPARATUS AND MATERIALS 


Apparatus. The assembly [NE 8301, Nuclear Enterprises 
(G.B.) Ltd., Sighthill, Edinburgh 11] for scintillation count- 
ing of 14C [consisting of the shielded head unit (NE 5503), 
stabilized E.H.T. supply (NE 5302), non-blocking linear 
pulse amplifier (NE 5202) and single-channel differential 
pulse-height selector (NE 5102)], was employed throughout 
the experiments described, in conjunction with the Phillips 
universal scaler (PW 4032) and preset count unit (PW 4052). 

The pulse-height selector was operated on the integral 
setting at pulse-height setting of 4v. Tap water was passed 
continually through the cooling coils of the head unit. The 
activity of solutions was measured in cylindrical quartz 
counting vessels, 5 cm. high and 2-5 cm. diam., silvered on 
the outside walls and fitted with opaque plastic caps 
[Nuclear Enterprises (G.B.) Ltd.]. Optical contact between 
the window of the counting vessel and the photomultiplier- 
tube window (lin. diam.) was maintained by the use of 
silicone oil (200/20 centistokes). 

Radiochemicals. [}4C|Benzoic acid and [1-1C]stearic acid 
(The Radiochemical Centre, Amersham, Bucks) were dis- 
solved in sulphur-free xylene, and [4C]glycine (The Radio- 
chemical Centre) was dissolved in glass-distilled water. 

Organic scintillator. All investigations were carried out 
with the NE 213 scintillator based on xylene and naphtha- 
lene. For sources soluble in xylene the scintillator was de- 
oxygenated by N, through the solution, but with sources 
soluble in aqueous solution the scintillator was not treated 
in this way. 

Reagents. Hyamine 10-X [2-methyl-4-(1:1:3:3-tetra- 
methylbutyl)phenoxyethoxyethyldimethylbenzylammo- 
nium chloride monohydrate] [C. Lennig and Co. (G.B.) 
Ltd., London, W.C. 1] was used as a molar solution (mol. 
wt. 480-11) in methanol (A.R. grade). All organic solvents 





employed were of A.R. grade but no special purification 
processes were used. 

Liver and oviduct tissues and blood 
sera were obtained from chicks, some of which had re- 
ceived 40yuc of [}4C]glycine/kg. live wt. by intraperitoneal 
injection. The tissues were sliced and the blood sera frozen 
before drying in vacuo over phosphorus pentoxide. They 
were then finely ground and stored under vacuum. 


Biological samples. 


RESULTS 
Effect of scintillator volume on counting efficiency 


In view of the high effi- 
ciency obtained with the NE 213 scintillator for 
xylene-soluble sources, no investigations of other 
Various workers have 
published their findings in this aspect of the subject 
(Hayes, Ott, Kerr & Rodgers, 1955; Hayes, Ott & 
Kerr, 1956; Ott, 1958). 

Scintillator volume, 


Xylene-soluble sources. 


scintillators were made. 


however, has a considerable 
effect on the efficiency and cost of counting samples 
and this was investigated in the first instance. The 
scintillator was deoxygenated by gassing with 
nitrogen before being dispensed into the counting 
vessel. The counted at increasing 
volumes of scintillator and the efficiency of count- 
ing determined. Fig. 1 shows the effect of scintil- 
lator volume on a source of 2umc of [?4C]benzoic 
acid dissolved in 0-1 ml. of xylene. 


source was 


The form of the curve is similar to that reported 
by Stitch (1959) for a [14C]testosterone source dis- 
solved in benzene. The maximum efficiency of 
counting was, however, some 26% higher than that 
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Fig. 1. Effect of increasing the volume of scintillator (de- 


oxygenated by gassing with nitrogen) on the counting 
efficiency for a [44C]benzoic acid source in xylene (2u¢mc/ 
0-1 ml.). O, [#4C]Benzoic acid source; @, background 
count rate. 
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reported by Stitch (1959). This efficiency has been 
obtained for two different samples of [14C]benzoic 
acid, and a [1-14C]stearic acid source in xylene has 
given a curve similar to that in Fig. 1. There was a 
linear relationship between scintillator volume and 
background count rate, the count increasing to 
185 counts/min. at a volume of 15 ml. For all work 
described below a volume of 4 ml. of scintillator was 
used, corresponding with 91% counting efficiency 
and a background of 100 counts/min. 

Sources soluble in aqueous solvents. 
aqueous solution 
scintillator. 


Sources in 
have to be blended with the 
We have found that it is possible to 


use unpurified Hyamine 10-X (chloride form) to, 


blend aqueous samples without resource to the 
difficult technique of preparing the free base, and at 
the same time avoiding the difficulty of maintaining 
solutions of this base, which is liable to lose its titre 
(Radin, 1958). In the presence of a molar solution 
of commercial Hyamine 10-X in methanol, solutions 
of amino acids were miscible with the NE 213 scintil- 
lator. The volume of Hyamine 10-X solution used 
was found to be critical. If a volume of Hyamine 
10-X greater than the minimum required to achieve 
complete miscibility was used, then additional 
scintillator was required to attain maximum 
efficiency. This aspect will be examined later. 
Accurate dispensing of the radioactive solutions at 
the low volumes was essential for reproducibility, 
and for this reason an Agla micrometer syringe 
(Burroughs Wellcome and Co., London) 
employed. 

The effect of increasing volumes of scintillator on 
efficiency of counting a [!4C]glycine source is vu 


was 


70 130 


60 120 


) 


°0 


50 110 
100 
30 90 


20 80 


Counting efficiency (9% 
Background (counts/min.) 


10 70 





9 323 4°63 6 7.5 °9 O'R tz 


Vol. of scintillator (ml.) 


Fig. 2. Effect of increasing the volume of scintillator on the 
counting efficiency for a [*4C]glycine source in aqueous 
solution blended with Hyamine 10-X. @, 4umce (0-1 ml.) 
of [!4C]glycine with 1-3 ml. of Hyamine 10-X; @, 4~mc 
(0-1 ml.) of [}4C]glycine with 1-5 ml. of Hyamine 10-X; 
O, background count rate. 
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sented in Fig. 2. The efficiency rises with increasing 
scintillator volume to a maximum of 65% at about 
10 ml., and further additions of scintillator do not 
increase efficiency. This result is in contrast with 
the effects of scintillator volume on counting 
efficiency of scintillator-soluble sources. The effect 
of Hyamine 10-X volume on counting efficiency is 
demonstrated in Fig. 2. Greater efficiencies are 
attained at lower scintillator volumes with 1-3 ml. 
of Hyamine 10-X solution than with 1-5 ml. of 
Hyamine 10-X solution. For subsequent work with 
sources soluble in aqueous solutions a volume of 
4ml. of scintillator was employed, and at this 
volume the lower amount of Hyamine 10-X solution 
gave an increase in efficiency of 6%. 


Phosphorescence quenching 

Organic solvents. Several investigators have 
studied the effect on counting efficiency of organic 
solvents commonly used in biochemical investiga- 
tions (Guinn, 1958; Stitch, 1959). We also have 
investigated the effect of certain organic solvents on 
the high counting efficiency achieved with our 
system. For this experiment we have used a 
4umc source of [C]benzoic acid in 0-1 ml. of 
xylene added to 3 ml. of scintillator. The results 
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Fig. 3. Effect of the addition of organic solvents on the 
counting efficiency for a 4mc source of [#4C] benzoic acid in 
3ml. of scintillator. @, Diethyl ether; O, ethanol; x, 
acetone; (}, chloroform. 
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(Fig. 3) can therefore be compared with those 
obtained by Stitch (1959), who used a similar volume 
of Scintipak scintillator (Nash and Thompson Ltd., 
London). 

Diethyl ether and ethanol have only a slight 
quenching effect on the scintillator, but the addition 
of 1 ml. of acetone depresses efficiency to 60%. The 
effects of chloroform are similar to those reported by 
Stitch (1959), but less severe quenching than that 
recorded by Guinn (1958) and Stitch (1959) for 
acetone and ethanol was found in the present 
investigation. 

Oxygen. Kallmann & Furst (1958) consider that 
oxygen is a more powerful quenching agent than 
chloroform. Pringle, Black, Funt & Sobering (1953) 
found that deoxygenation by gassing with nitrogen 
increased efficiency of counting, but this was not 
confirmed by Stitch (1959), who found, however, 
that oxygenation reduced efficiency by 10%. We 
have found that oxygenation of the scintillator 
lowers efficiency by 12%, when xylene-soluble 
sources are counted. With sources soluble in 
aqueous solution blended with Hyamine 10-X the 
loss of efficiency on oxygenation was greatly 
increased, to 30%. When the scintillator was de- 
oxygenated with nitrogen the efficiency increased 
by 4-5% but gradually decreased on storage 
(Table 1). Deoxygenation of the scintillator added 
to sources soluble in aqueous solution was not 
investigated, since continual deoxygenation of all 
the other components would have been necessary. 


Dark adaptation to reduce light-induced phos- 
phorescence of quartz counting vessels 


The nature of the phosphorescence of quartz and 
glass when exposed to light has been examined by 
Davidson (1958), who showed that it consisted of 
two components, one with a half-time of 1-3 min. 
and the other a slow component with a half-time of 
1-2 hr. Stitch (1959), counting [!4C]steroids, did 
not report this phosphorescence effect. 

In our experiments the fast component of quartz 
phosphorescence has been found to be of impor- 


Table 1. Effect of deoxygenation on counting 


efficiency 


[14C]Benzoic acid source (2mc) in 4 ml. of scintillator 
was deoxygenated by bubbling N, through the solution and 
counted at intervals, and finally gassed again with N, and 


counted. 4 E 
Counting 


Time after gassing efficiency 


with N, (%) 
0 min. 91-2 
1 day 86-7 
2 days 86-8 
4 days 85-9 
0 min. (regassed) 90-7 
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tance. For example, in a source giving 4000 counts/ 
min. there was a rapid fall of about 200 counts/min. 
over the first 2 min.; after this time statistical 
variations in the count rate tended to obscure the 
smaller slow component (Table 2). Thus where 
sources of this magnitude are present the slow 
component may be neglected, and for this reason a 
dark-adaptation time of 4 min. has been adopted 
for routine counting. 

The magnitude of the slow component is of signi- 
ficance in counting sources of very low activity. 
When no source is present the effect of the slow 


Table 2. Light-induced phosphorescence of the 
quartz counting vessel in the presence of a source of 14C 


[4C]Benzoic acid source (24~mc) was used in 4 ml. of 
scintillator. Counts for the first minute after the end of 
relevant dark-adaptation period are shown. Before each 
determination the counting vial was left uncapped for 
10 min. on a laboratory bench illuminated by daylight. 


Time of dark 


adaptation 

(min.) Counts/min. 
0 4145 
0-5 4065 
1-0 4004 
2-0 3960 
3-0 3902 
4-0 3956 
5-0 3960 
6-0 3956 

30-0 3902 

60-0 3965 


Table 3. Light-induced phosphorescence of the 
quartz counting vessel with no source present 


A counting vessel containing 4 ml. of scintillator was 
exposed to daylight for 10 min., placed in the scintillation 
head and counts were recorded during each minute as dark 
adaptation proceeded. 


Time of dark 


adaptation 
(min.) Counts/min. 
1 185 
2 120 
3 127 
4 112 
5 97 
6 103 
7 105 
8 101 
9 83 
10 84 
Mean 11-20 80 
Mean 21-30 71 
Mean 31-40 67 
Mean 41-50 70 
Mean 420-430 50 
Mean 1320-1330 45 
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component can be demonstrated. Table 3 shows the 


dark-adaptation of a vessel containing scintillator 
which had been exposed to daylight for 10 min. 


Preparation of tissue and protein solutions 
for counting 


After successful use of the chloride form of 
Hyamine 10-X for the blending of amino acid 
solutions with scintillator, tests were carried out to 
examine the value of this form for dissolving tissues. 

Dry tissues. The use of N-KOH and Hyamine 
10-X to dissolve tissues was investigated and the 
following technique was finally adopted. To 0-5 g. 
of finely ground tissue or protein 25 ml. of n-KOH 
was added and the mixture heated to boiling for 
5 min. After cooling, 15 ml. of M-Hyamine 10-X in 
methanol was added and the solution stirred vigor- 
ously and made to a volume of 50 ml. with Hyamine 
10-X solution. 

Fresh tissues. The following technique was used: 
2-5 g. of fresh tissue was homogenized with 15 ml. of 
N-KOH in a Nelco homogenizer and the mixture 
was transferred quantitatively to a beaker, 7-5 ml. 
of n-KOH being used to wash the vessel. The solu- 
tion was then treated as for dry tissues. Fresh blood 
serum (2-5 ml.) can be dissolved directly in N-KOF 
(22-5 ml.) and Hyamine 10-X (25 ml.). 
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Fig. 4. Effect of acidification on the spurious counts pro- 
duced by alkaline tissue solutions (0-5 ml. samples con- 
taining 0-25 ml. of N-KOH) blended with 3 ml. of Hyamine 
10-X and 4 ml. of scintillator. x, Without HCl, pH 12-00; 
®, 0:10 ml. of 2n-HCl, pH 11-55; O, 0-20 ml. of 2n-H, 
pH 0-65; @, 0-25 ml. of 2n-HCl, pH 0-45. 
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These methods produce clear and only slightly 
coloured solutions. With these techniques, dried 
blood sera from oestrogen-treated chicks, containing 
up to 60% of fat, have produced clear solutions for 
counting. Attempts to dissolve greater quantities 
of dry tissue than 10 mg./ml. have not been made. 
The method would seem to be generally applicable to 
a wide range of samples of animal origin. 

It is not possible to blend these solutions directly 
with scintillator without the addition of extra 
Hyamine 10-X solution. Furthermore, the alkaline 
solution of the source produces a large spurious 
count rate with a very long half-time. Fig. 4 shows 
this high count rate for an unlabelled tissue solu- 
tion and the effect of adding increasing amounts of 
acid to it. 

Acidification of the KOH—Hyamine 10-X solution 
of the tissue in the counting vessel eliminated the 
alkali-indneed scintillations. From Fig. 4 it may be 
seen that the highest level of addition of acid elimi- 
nated all the spurious counts so that a normal dark- 
adaptation curve was obtained. In routine count- 
ing therefore a volume of 2N-HCl equal to the 
volume of N-KOH in the sample was added. With 
the samples (0-1 ml.) containing 0-05 ml. of N-KOH, 
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Fig. 5. Effect of Hyamine 10-X and sample volumes on 


counting efficiency for an amino acid. Scintillator volume 
was 4 ml. in each case. O, 0-1 ml. (4mc) of [1C]glycine; 
Dd, 0-2 ml. (4umc) of [14C]glycine; @, 0:4 ml. (4umc) of 
[“C]glycine. 
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which we usually assay in our work, we therefore 
used 0-05 ml. of 2N-HCl. These acidified samples 
were blended with 4 ml. of scintillator, with 1-15 ml. 
of M-Hyamine 10-X in methanol to produce a clear 
solution for counting. The pH value of the acidified 
solution was 0:3. 


Use of Hyamine 10-X for blending aqueous 
samples with scintillator 


Effect of sample and Hyamine 10-X volumes. The 
presence of water in samples lowered counting 
efficiency. The efficiency of counting varying 
volumes of [4C]glycine in water solution, and the 
effect thereon of the volume of Hyamine 10-X used 
for blending these solutions, was studied (Fig. 5). 
We have found that counting efficiency rises rapidly 
with addition of Hyamine 10-X until a clear solution 
is obtained. The addition of Hyamine 10-X solution 
in excess of the volume required for a clear solution 
causes a rapid fall in efficiency. The clarity of the 
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Fig. 6. Effect of Hyamine 10-X and sample volumes on 
counting efficiency for a tissue solution containing added 
[C]glycine. Scintillator volume was 4 ml. throughout. 
®, 0-1 ml. of tissue solution (containing 1-455umc of 
added [!4C]glycine) and 0-05 ml. of 2N-HCl; total aqueous 
phase, 0-15 ml. O, 0-3 ml. of tissue solution (containing 
1-455mc of added [C]glycine) and 0-15 ml. of 2n-HCl; 
total aqueous phase, 0-45 ml. @, 0-5 ml. of tissue solution 
(containing 1-455 mc of added [*C]glycine) and 0-25 ml. of 
2n-HCl; total aqueous phase, 0-75 ml. 
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solution is checked by reading small print through 
the solution and the quartz window of the counting 
vessel. It has been found that acid hydrolysates of 
tissue proteins behave similarly to a solution of an 
amino acid for counting purposes. 

A similar experiment was carried out with 
vacuum-dried oviduct tissue. The dry tissue was 
dissolved in the KOH—Hyamine 10-X solution at a 
concentration of 10 mg./ml. The background count 
rate was determined with this solution and [14C]- 
glycine was added to measured samples at con- 
centrations of 1-455yumc/0-1 ml., 1-4554mc/0-3 ml. 
and 1-455umc/0-5ml. The effects of sample 
volume and addition of Hyamine 10-X on counting 
efficiency with this solution is shown in Fig. 6. 

Although @t a sample volume of 0-1 ml. the count- 
ing efficiency for tissue is the same as for an amino 
acid solution, i.e. approx. 60%, at 0-3 ml. and 
0-5 ml. it is 1-6% and 3% lower respectively, sug- 
gesting some degree of self-quenching associated 
with the increasing weight of tissue present. The 
lower volumes of Hyamine 10-X solution required 
to blend the tissue solutions, as compared with the 
amino acid solutions, is due to the fact that half of 
the tissue sample volume already consists of 
Hyamine 10-X solution. 

Recovery of added “C activity from tissue and 
protein solutions. To check the validity of the 
method described for tissues, recoveries of varying 
amounts of [!4C]glycine were made from solutions of 
dried oviduct, liver, blood serum and egg albumin. 
The count rate due to the activity already present 
in the solutions of oviduct, liver and blood serum 
was included in the blank. The results are presented 
in Table 4. 

The recoveries are stated as percentages of that 
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achieved with a sample (0-1 ml.) of [#4C]glycine 
alone, counted under the optimum conditions for 
amino acid solutions. The results show that no 
marked quenching effects are apparent when these 
different materials are counted at sample volumes 
of 0-1 ml. and that the use of an internal standard 
will not generally be required, although periodic 
checks that the counting efficiency is being main- 
tained are recommended. 

The errors encountered in these recoveries are of an 
order equal to the errors normally obtained owing 
to statistical variation in the rate of disintegration. 
Thus we assume that errors due to self-quenching 
are insignificant. The variance in count rates of dif- 
ferent samples was of the same order as that within 
samples. It will be seen from Table 4 that the 
highest coefficient of variation is 2-25 for the liver 
sample, indicating that this method is acceptable 
for assays of this type. 

Further evidence of the absence of self-quenching 
when counting samples (0-1 ml.) of tissue solution 
is provided by the fact that mixing of active and 
inactive tissue solutions does not affect the effi- 
ciency of counting. 


DISCUSSION 


The high counting efficiency which we have ob- 
tained for xylene-soluble sources is high even for 
scintillation techniques. We have found that lipid 
extracts from animal tissues may be counted at the 
same efficiency as [1-!4C]stearic acid ; details of this 
will be reported later. 

The form of the curve obtained for the effect of 
scintillator volume on counting efficiency of a 
xylene-soluble source is similar to that reported by 


Table 4. Comparative recovery of radioactivity from varying amounts of [14C]glycine 
added to different tissue and protein solutions 


Scintillator (4 ml.), 1-15 ml. of Hyamine 10-X and 0-05 ml. of 2N-HCl were used throughout with samples 
(0-1 ml.) of tissue solutions containing ["*C]glycine. The percentage efficiency obtained with 4 ml. of scintillator, 
1-3 ml. of Hyamine 10-X and 0-1 ml. (4mc) of an amino acid, i.e. 59-4%, was taken as 100% recovery. 


Radioactivity added Oviduct Liver Blood serum Egg albumin 
(to 0-1 ml. of sample) ——_ — $s —*”" A o—— — 
: =O ccncea ae Counts/ Counts/ Counts/ Counts/ 
Disintegra- min. Recovery min. Recovery min. Recovery min. Recovery 
pmc tions/min. (less blank) (%) (less blank) (%) (less blank) (%) (less blank)  (%) 
0-3636 807 480 100-13 468 97-63 482 100-56 481 100-34 
471 98-25 473 98-67 479 99-93 490 102-22 
0-7619 1691 1016 101-14 981 97-66 1027 102-24 990 98-57 
1024 101-94 1033 102-88 1018 101-35 981 97-66 
1-455 3230 1915 99-81 1871 97-53 191] 99-60 1895 98-25 
1935 100-00 1876 97-78 1870 97-46 1944 101-33 
1-778 3947 2279 97-21 2386 101-77 2319 98-91 2281 97-29 
2303 98-23 2401 102-41] 2320 98-96 2385 101-73 
2-667 5921 3510 99-80 3416 97-11 3551 100-96 3510 99-80 
3521 100-12 3461 98-40 3574 101-62 3412 97-02 
Mean -+: S.E.M. — 99-76 + — 99-18 + — 100-15 + = 99-424 
0-44 (10) 0-71 (10) 0-46 (10) 0-61 (10) 
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Stitch (1959). This effect is important in obtaining 
the highest possible counting efficiency and in 
economizing in the use of scintillator. The back- 
ground count rates which we have recorded are 
comparable with those obtained by Steele, Bern- 
stein & Bjerknes (1957), Hodgson & Gordon (1958) 
and Stitch (1959). The relationship between back- 
ground count rate and scintillator volume also 
emphasizes the advantages of using low volumes of 
scintillator. It is essential that the background 
count rate from each counting bottle be measured, 
since we have found great variability in the back- 
ground count from different bottles. With 4 ml. of 
scintillator the background count has been found to 
vary between 40 and 100 counts/min. for different 
bottles. With samples of low activity such factors 
are of great importance. 

With the use of Hyamine 10-X (chloride form) 
to blend water-soluble samples we did not encounter 
spurious counts as reported by Steinberg, Vaughan, 
Anfinsen, Gorry & Logan (1958). The effect of 
scintillator volume on the counting efficiency of a 
source soluble in aqueous solvents is very different 
from that for a xylene-soluble source. It is difficult 
to suggest an explanation for the continual increase 
in efficiency with scintillator addition other than 
the favourable influence produced by a dilution of 
quenching agents. 

The lower background count obtained in the 
presence of methanolic solutions of Hyamine 10-X 
may be attributed to quenching by Hyamine 10-X. 
This can be demonstrated by using an ethanolic 
solution of Hyamine 10-X, when no increase in 


counting efficiency is obtained, even though 
ethanol has a smaller quenching effect than 
methanol. 


The authors have developed this high-efficiency 
counting technique for small weights of tissue and 
protein of the order of 10-20 mg. derived from 
studies of the uptake of amino acids by ovi- 
duct tissue sections in vitro. In this case it is 
not possible to overcome the low counting rate 
of these tissues solely by increasing sample weight 
{a procedure that is often adopted in end-window 
counting). Many other metabolic experiments pro- 
duce small water-soluble samples of low specific 
activity which could be counted more easily by 
this technique. 

The method is reproducible provided that close 
attention is paid to the experimental variables that 
we have described. The reproducibility of the 
recoveries of [14C]amino acids from tissue solutions 
shows that there is no measurable quenching due to 
the presence of the small weight of tissue used. For 
this reason internal standards need only be used 
occasionally to check the efficiency. In view of the 
lack of knowledge of quenching substances it is 
recommended that with any new biological sample 
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its possible action as a quencher should be 
investigated. 

Factors affecting reproducibility in counting 
xylene-soluble sources may also be mentioned. We 
have used a xylene-based scintillator containing 
naphthalene, which, according to the results and 
theories of Kallmann & Furst (1958), should be less 
susceptible to quenching by organic solvents than 
toluene-based scintillators. Our investigation of 
quenching with organic solvents confirms this. The 
advantage of restricting the volume of the sample 
counted is very obvious. Even for the most severe 
quencher examined, chloroform, the use of the 
small volume recommended will allow counting at a 
fairly high efficiency. Results for quenching by 
dissolved oxygen similarly support the theories of 
Kallmann & Furst (1958). These workers also state 
that naphthalene decreases the quenching effect of 
water and this may explain partly our high effi- 
ciencies with water solutions. 

It may be mentioned that in order to minimize 
dark-adaptation problems the counting vessels 
were never exposed to fluorescent or ultraviolet 
light, nor were they placed in direct sunlight. 

No reference has been found in the literature to 
the effect of alkalinity in producing the high 
spurious count rate nor to its elimination by acidifi- 
cation. We have found that alkalis generally pro- 
duce this effect. 


SUMMARY 


1. The counting of C-labelled substances, 
soluble and insoluble in the scintillator, at counting 
efficiencies of 90 and 60% respectively with a single 
photomultiplier liquid-scintillation-counting as- 
sembly operating at room temperature is described. 

2. The effect of scintillator volume on xylene- 
soluble sources and sources soluble in aqueous 
solutions was investigated. ; 

3. Phosphorescence quenching of the scintillator 
by organic solvents and by oxygen was examined. 

4. The importance of phosphorescence of the 
quartz counting vessel in determining count rates 
is indicated. 

5. A routine method is described for dissolving 
tissues and proteins by means of N-potassium 
hydroxide and a molar solution of Hyamine 10-X 
in methanol to produce solutions containing 10 mg. 
of dry tissue/ml. for liquid-scintillation counting. 

6. The use of Hyamine 10-X for blending sources 

soluble in aqueous solution with scintillator is 
described. The effect of both the volume of Hyamine 
10-X solution used for blending, and of the sample, 
on counting efficiency was shown with [14C]glycine 
solutions alone and with [*C]glycine added to 
tissue solutions. 

7. The efficiency of the Hyamine 10-X blending 
method was demonstrated by measuring the 
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recoveries of added counts (as [!4C]glycine) from 
tissue and protein solutions. [!4C]Glycine dis- 
solved in these solutions was counted at the same 
efficiency as in water solution. 


The authors thank Professor J. Houston for his interest 
and advice during the course of this work. They also thank 
the British Egg Marketing Board for a grant towards the 
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The Zinc Content of Erythrocytes and Leucocytes of Blood from 
Normal and Leukaemic Subjects 
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London, E.C. 1 


(Received 10 August 1960) 


The biological importance of zinc is now well 
established, and the significance of zinc in the 
plasma and cellular components of blood has been 
studied by many investigators. Human leucocytes 
contain as much as 3% of the whole-blood zinc 
(Vallee & Gibson, 1948), and the individual leuco- 
cyte is relatively rich in this metal and probably 
contains more zine than does any other cell in the 
body (Vikbladh, 1951). For example, normal 
human leucocytes contain about twenty-five times 
as much zinc per cell as do erythrocytes (Vallee & 


Gibson, 1948; Wolff, 1956). A protein which con- 
tains 0-3% of zinc, and which accounts for about 
80% of the zine of the leucocytes, has been ex- 
tracted from normal human leucocytes (Hoch & 
Vallee, 1952; Vallee, Hoch & Hughes, 1954). 
Although it is suggested that this zinc-protein is 
probably an enzyme, the nature of its enzymic 
activity is unknown. 

In investigations on the transport of zinc in the 
blood and other aspects of zinc ‘metabolism’, we 
have become interested in the zine content of 
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human leucocytes and the variation in the amount 
of zinc present in these cells in various diseases, 
particularly the leukaemias. Vallee and his col- 
leagues (Gibson, Vallee, Fluharty & Nelson, 1950) 
studied five cases of myeloid and three cases of 
lymphatic leukaemia, and found that the zinc 
content of the kaemic leucocytes (expressed as 
ug. of zine/!0° cells) was without exception 
abnormally low, ranging between 10 and 40% of 
the normal values. There was a tendency for the 
zine content of the leukaemic leucocytes to rise to 
normal limits under successful therapy, and the 
authors concluded that ‘one characteristic of 
the blood dyscrasias known as leukaemias is an 
inability of the leucocytes to attain a normal 
zine content’. 

Although the zine content of leucocytes is rela- 
tively high compared with that of erythrocytes, the 
determination of the amount of zinc in separated 
leucocytes presents many problems. The leucocytes 
must first be separated completely, or almost com- 
pletely, from plasma, erythrocytes and platelets, 
and the procedure should be sufficiently mild to 
avoid the risk of removing zine from the zinc- 
containing proteins and possible other complexes in 
the leucocytes. Separation of the ‘ buffy layer’ from 
centrifuged blood by customary methods usually 
yields a suspension containing many erythrocytes, 
and this contamination renders difficult an accurate 
measurement of the leucocytic zine, for erythro- 
cytes contain appreciable amounts of zine in 
carbonic anhydrase. Various flotation methods 
have been advocated, but we did not find them 
satisfactory for the preparation of leucocyte sus- 
pensions largely free from erythrocytes and con- 
taining most of the leucocytes originally present in 
the blood sample. However, as advocated by Wildy 
& Ridley (1958), the addition of dextran to the 
blood to increase the erythrocyte sedimentation 
rate was found to be satisfactory. The use of 
fibrinogen to facilitate separation of the erythro- 
cytes, according to the method described by 
Buckley, Powell & Gibson (1950), also led to good 
separation of leucocytes and erythrocytes, but 
when it was used for leukaemic bloods there was 
often excessive clumping of leucocytes; thus it was 
difficult to measure representative samples for assay 
for zine and nitrogen, and for cell counts. The 
fibrinogen method of separation was used for a few of 
the normal bloods examined in our earliest studies 
recorded here, but all the leukaemic and most of the 
normal bloods were dealt with by the dextran 
method. 

Another problem was the selection of methods of 
assay for zinc and nitrogen which would give reliable 
duplicate results with the small amounts of washed 
leucocytes which could be separated from about 
10ml. of human blood, i.e. a total amount of a 
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suspension of 10’—-10% leucocytes containing 100- 
1000yug. of nitrogen and 0-2-0-6ug. of zinc. The 
leucocyte suspension from 10 ml. of human blood 
had thus to serve for the provision of samples for 
two zine determinations, two total nitrogen deter- 
minations and a measurement of the erythrocyte 
and leucocytes contents, and it was obvious that 
special micromethods were required. For the zinc 
determinations we developed a method of neutron- 
activation analysis (Banks, Tupper, White & 
Wormall, 1959) which proved completely satis- 
factory for the present studies, and we have also 
found it possible, using the colorimetric phenol— 
hypochlorite method of Russell (1944), to determine 
the nitrogen content of these suspensions. For 
comparisons of the zinc content of leukaemic and 
normal human leucocytes, we wished to record the 
zinc contents per leucocyte and also per unit 
amount of total nitrogen. These zine contents might 
preferably have been measured with reference to 
the nucleic acid content, but with the small 
amounts of material available this was not 
possible. 

This paper records the results of these determina- 
tions of the zine content of the whole blood, erythro- 
cytes and leucocytes of 29 normal and 27 leukaemic 
individuals, and a few observations about the 
stability of the zinc in human leucocytes. A pre- 
liminary account of some of these investigations 
has been given (Dennes, Tupper & Wormall, 1960). 


MATERIALS 


‘Zinc-free’ (or zinc-depleted) materials and apparatus. It is 
essential when estimating small amounts of Zn that one 
should pay special attention to the possibility of contamina- 
tion from glassware, laboratory dust and the chemicals 
used. These precautions are particularly important during 
the collection of the blood samples and their treatment 
before the irradiation of the fractions or whole-blood 
samples in the atomic pile, but the subsequent part of the 
Zn determinations does not require these rigid precautions ; 
in fact, it is advisable that a large amount of carrier Zn 
should be added to the samples after they have been irradi- 
ated to facilitate complete separation of all the radio- 
active Zn from them. All glassware, polythene bottles, pill 
packs and envelopes used in the pre-irradiation part of the 
procedure were soaked in 2N-HCl for at least 24 hr. and 
then thoroughly rinsed with Zn-free water. The blood 
samples were drawn from an arm vein into an all-glass or a 
nylon syringe, and each sample was immediately trans- 
ferred to a polythene bottle containing heparin (0-4 ml. of a 
2-5% solution in 0-9% NaCl soln. for 20 ml. of blood). 

AnalaR chemicals were used wherever possible, and 
many of these were freed from traces of Zn as described 
below. All the reagents were made up with Zn-free water. 
Measurements, by the neutron-activation method of 
analysis, showed that the heparin used contained only a 
small amount of Zn (8-5 pg./100mg. of heparin, i.e. 0-04 yg. 
of Zn in the heparin added to each ml. of blood); the 
fibrinogen (7 ug. of Zn/g. of powder) and the dextran con- 
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tained small amounts only and did not contribute signifi- 
cantly to the Zn content of the blood—fibrinogen or blood— 
dextran mixtures. Thus, there could be no possibility that 
the use of either fibrinogen or dextran to facilitate separa- 
tion of erythrocytes and leucocytesled to any significant 
addition of Zn to the cells during the process of separation. 
Further, preliminary tests with normal human blood 
showed that the separated leucocytes obtained by the 
fibrinogen method had precisely the same Zn content as 
those obtained by the dextran method. For this reason, the 
results we obtained in the early determinations with six 
samples of blood treated with the fibrinogen are included in 
Table 2, although the dextran method was used for all 
subsequent normal samples and all the leukaemic samples. 

Zinc- and ammonia-free water. This was prepared by 
passing distilled water through a column of mixed ion- 
exchange resins (Elgastat water purifier; Elga Products 
Ltd.). This water was used for the preparation of all the 
solutions. 

Zinc-free 0-9% sodium chloride solution. A 0-9% (w/v) 
NaCl solution was prepared with AnalaR NaCl; Zn was 
removed by shaking the solution with portions of a solution 
of dithizone in CCl, (100 mg./l.) until the dithizone remained 
green. 

Preparation of zinc-glycine solutions containing Zn. 
Glycine (5 mg.) was added to a solution of ZnCl, containing 
©Zn (0-05 ml. of a solution obtained from The Radio- 
chemical Centre, Amersham, Bucks). Water (0-5 ml.) was 
added and the solution adjusted to pH 7-4 by the addition 
of 0-1n-NaOH (0-1 ml.). More water was then added to 
give a final volume of 1-5 ml., and the solution was made 
iso-osmotic with blood cells by the addition of 12-9 mg. of 
NaCl. This solution contained 300 ug. of Zn with a total 
activity of 72 wc of Zn. 

Veronal buffer, pH 7-4. A0-05M-veronal buffer, pH 7-4, 
prepared as described by Gomori (1955), was made iso- 
osmotic with erythrocytes and leucocytes by adding 0-75 g. 
of NaCl/100 ml. 

Veronal buffer, pH 7-4, containing ethylenediaminetetra- 
acetic acid or o-phenanthroline. Ethylenediaminetetra- 
acetic acid (EDTA) or o-phenanthroline was added to the 
veronal buffer described above to give a final concentration 
of 0-001. 


METHODS 


Zinc determinations. The Zn in the leucocytes, erythro- 
cytes and whole blood was determined by the neutron- 
activation method of Banks e¢ al. (1959). For the calcula- 
tion of the Zn content of the leucocyte samples, allowance 
was made for the small amount of Zn present in the erythro- 
cytes contained in these samples; this allowance was 
reasonably small, representing 5-10 % of the total Zn in the 
suspensions of leukaemic leucocytes, and only slightly more 
for the normal leucocytes, where the ratios of leucocytes to 
erythrocytes in the leucocyte preparations were lower. By 
this method it is possible to measure accurately the Zn 
content of samples of about 0-2 ml. of whole blood or of 
suspensions of 107—10* leucocytes (containing 0-2-0-6 yg. of 
Zn and 100-1000 wg. of N). In all cases, duplicate determi- 
nations gave good agreement and the values for Zn and N 
recorded here for any blood or cellular fraction are the mean 
values for duplicates. 


Nitrogen determinations. Leucocyte and erythrocyte 
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samples were digested, respectively, with 0-2 and 0-5 ml. of 
H,SO,-SeO, mixture [prepared as described by King } 
(1951)]. Digestion was carried out in Pyrex centrifuge tubes | 


placed in holes in an electrically-heated copper block. TheN } 


was determined by the Russell (1944) colorimetric phenol- 
hypochlorite method after diffusion of the NH, in Conway 
units, The erythrocyte digests were diluted to 100 ml. with 
NH,-free water, and 1 ml. of the diluted digest was placed 
in the outer well of the Conway unit. Usually the whole of 
the leucocyte digest was transferred to the Conway unit, 
but if the digest was expected to contain more than 40yg. 
of N it was suitably diluted, and 1 ml. of the diluted digest 
containing 5-20yug. of N was placed in the unit. 0-Oln-HCl | 
(1 ml.) was placed in the centre well of the Conway unit and 
KOH solution (50%, w/v, 1 ml.) was added to the contents 
of the outer well. Diffusion was allowed to take place over- 
night. The contents of the centre well were then transferred 
to test tubes with three washings of NH,-free water (0-5, 
0-25 and 0-25 ml.); the N was then determined by the 
Russell (1944) method, with a Unicam SP. 600 spectro- 
photometer. 

Separation of leucocytes. Dextraven (a solution of 6% of | 
dextran in 0-9% NaCl; Benger Laboratories) (3-3 ml.) was 
added to the heparinized blood (10 ml.) in a 6 in. x 2 in. test 
tube, the contents of the tubes were well mixed and kept at 
room temperature until sedimentation of the erythrocytes 
was complete (usually 30 min. for normal blood; 15-20 min. 
for leukaemic blood). 

The supernatant leucocyte suspension was pipetted off, 
transferred to a centrifuge tube and spun at 50 g for 3 min. 
The supernatant solution was removed, and the pellet of 
leucocytes was suspended in 0-9% NaCl soln. (2 ml.) and 
centrifuged. This washing of leucocytes was repeated once 
and the cells were then resuspended in 0-9 % NaCl soln. The 
volume of 0:9% NaCl soln. used in the preparation of the 
final suspension was 0-6-2-0 ml., depending upon the 
number of leucocytes present. In general the suspension 
obtained from a normal subject contained 25 000-50 000 
leucocytes/mm.* and from a leukaemic patient 60 000- 
900 000/mm.* The ratio of leucocytes to erythrocytes in the 
leucocyte suspension from a normal subject was usually 
about 1:4. With the suspensions from leukaemic bloods, 
ratios of about 1:1 were most commonly obtained, and on 
some occasions the ratio was as good as 16:1. 

In the few experiments when the fibrinogen method was 
used, the heparizined blood (10 ml.) was mixed with 0-9% 
NaCl soln. (3:4 ml.) and 4% fibrinogen (1-8 ml.), and the 
mixture was kept until erythrocyte sedimentation was 
apparently complete. The subsequent treatment of the 
leucocyte suspension was as described for the dextran 
method. The sedimented erythrocytes were washed with 
0-9% NaCl soln. (2x5 ml.) and centrifuged at 800g for 
3 min. after each washing. Duplicate samples (0-25 ml.) of 
the leucocyte suspensions and the packed erythrocytes 
(0-1 ml.) were introduced into polythene pill packs for total | 
Zn determinations. Samples of the leucocyte suspensions | 
(0-05 ml.) and the packed erythrocytes (0-1 ml.) were also 
taken for total-N determinations. The samples for Zn 
determinations were dried in a desiccator over conc. H,S0,. 

Cell counts. Leucocyte and erythrocyte counts were made 
on the whole blood, the final leucocyte suspension and the 
packed erythrocytes. A smear of the blood was stained with 
Leishmann’s stain and a differential count was made on the 
leucocytes. 
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Treatment of erythrocytes and leucocytes in vitro with 
ethylenediaminetetra-acetic acid or o-phenanthroline 


Treatment of leucocytes. A leucocyte suspension, pre- 
pared as described above, was made up to a total volume of 
3 ml. with 0-9% NaCl soln. Portions (1 ml.) of this sus- 
pension were pipetted into each of three centrifuge tubes. 
Saline (0-9%, w/v, NaCl, 2 ml.), veronal buffer, pH 7-4, 
(2 ml.) and veronal buffer, pH 7-4, plus EDTA (2 ml.) were 
added to tubes 1, 2 and 3 respectively. The contents of 
each tube were well mixed and left at room temperature for 
l hr. with occasional shaking. The tubes were then centri- 
fuged at about 70 g for 3 min. and the supernatant solution 
was pipetted off and discarded. The cells in each tube were 
washed with 0-9% NaClsoln. (1 ml.), the tubes were then 
centrifuged, and the supernatant solutions were discarded. 
The cells were resuspended in 0-9% NaCl soln. (0-9 ml.). 
Samples were removed from each tube for total Zn and N 
determinations and for cell counts. A similar series of 
experiments was made substituting o-phenanthroline for 
EDTA in the buffer. 

Treatment of erythrocytes. The erythrocytes were treated 
in the same way as has been described for the leucocytes, 
packed washed erythrocytes (1 ml.) being used instead of 
the leucocyte suspension. 


Labelling of erythrocytes and leucocytes in vitro 
with ©Zn 

A solution (0-3 ml.) of ©Zn-containing Zn-glycine com- 
plex at pH 7-4 was added to freshly drawn and heparinized 
blood (10 ml.) in a test tube. The contents of the tube were 
well mixed and kept for 2 hr. at room temperature with 
occasional remixing as the cells settled out. At the end of 
this period, samples (0-1 ml.) of the labelled blood were 
withdrawn for ®Zn determinations. Dextraven (3-3 ml.) 
was added to the remaining blood in the tube and the 
contents were mixed thoroughly by repeated inversion of 
the tube; the mixtures were then kept until the erythrocytes 
had sedimented and the erythrocytes and leucocytes were 
separated as described above. The cells were washed three 
or four times with 0-9% NaCl soln. instead of twice as in the 
normal separation procedure. Samples of the final leucocyte 
and erythrocyte suspensions were taken for ®Zn and total- 
N determinations and for cell counts. 


RESULTS 


Most of the normal blood samples were obtained 
from blood-transfusion donors. Through the kind- 
ness of Dr H. F. Brewer, an extra 12 ml. of blood was 
obtained for our use from each donor. All the 
patients with leukaemia, with one exception, had 
been receiving various forms of treatment, and 
blood samples were taken from them at the regular 
out-patient clinic. The diagnosis of the type of 
leukaemia was made in the Hospital and the 
necessary information supplied to us. 

Zinc determinations were made on the whole 
blood samples, and zine and nitrogen determina- 
tions on the separated erythrocytes and leucocytes 
from 29 normal subjects and 27 leukaemic subjects. 
The subjects with leukaemia were divided into two 
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groups, those with chronic lymphatic leukaemia 
(17) and those with chronic myeloid leukaemia (10). 
Blood samples were obtained from some of the 
subjects on more than one occasion, and the total 
number of samples analysed was 30 from the 
normal and 43 from the leukaemic subjects. The 
nitrogen content of erythrocytes and leucocytes 
from normal and leukaemic subjects is given in 
Table 1. Blood was taken on two separate occa- 
sions from eight of the leukaemic subjects, and on 
four and six separate occasions at intervals over a 
period of several months from two subjects (sub- 
jects nos. 13 and 14, Tables 3 and 4). 

In Tables 1—4 the mean values given are means of 
the results from every blood sample taken. These 
particular values have not been used in the caleula- 
tion of the significance of differences, as it was con- 
sidered that the inclusion of more than one value 
for subjects from whom several blood samples were 
taken would unduly weight the statistical analysis. 
Therefore, where more than one result was available 
for any subject, the results have been averaged to 
give one value for that subject for use in the statisti- 
cal analysis. Similarly, the mean values and 
standard errors quoted in this section have been 
calculated by using only one value for each subject. 
The mean values obtained in this way were slightly 
higher than those given in the Tables. 

Zinc content of leucocytes from normal and leuk- 
aemic subjects. The zine content of the leucocytes 
has been related to cell number and to cell nitrogen. 
The values expressed as pg. of zinc/10° cells have 
been given to enable an easy comparison to be made 
between our results and those of other workers who 
have invariably reported their results in this form 
(Vallee & Gibson, 1948; Wolff, 1956). 

The leucocytes from leukaemic subjects contained 
approximately half the amount of zine found in 
normal leucocytes (Tables 2-4). The mean leucocyte 
zine content was 8-9+1-4 and 14-:2+2-0ug. of 
zince/10° cells for leukaemic and normal leucocytes 
respectively. The corresponding values related to 
cell nitrogen were 0:93 + 0-08 and 1:97+0-3lyg. of 
zine/mg. of nitrogen. Statistical analysis of these 
results showed that the zine content of the leuco- 
cytes from the leukaemic subjects was significantly 
lower than that of leucocytes from normal subjects. 


Table 1. Nitrogen content of leucocytes and 
erythrocytes of normal and leukaemic subjects 
Nitrogen content (ug./10® cells) 


Leucocytes 
10-0+1-3 (28) 
11-7+1-3 (20) 


Erythrocytes 
4-61-£.0-08 (28) 
4-42+0-12 (20) 


Type of blood 
Normal 
Chronic myeloid 
leukaemia 
8-0+1-1 (23) 


4-45-40-13 (23) 


Chronic lymphatic 
leukaemia 
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For the values measured on a cellular basis, P was 
0-02 and for the values calculated as pg. of zinc/mg. 
of nitrogen, P was between 0-01 and 0-02. 

The normal leucocyte contains, per cell, about 
fifteen times as much zine as does the normal 
erythrocyte and, on a nitrogen basis, about ten 
times as much zinc. These ratios are considerably 
lower for leukaemic individuals. In the leukaemic 
subjects studied, the average leucocyte contained 
about eight times as much zine as did the average 
erythrocyte, and three to four times as much per 
mg. of nitrogen. Although the mean values for the 
zinc content of lymphatic leukaemic leucocytes 
differed slightly from those for the leucocytes of the 
subjects with myeloid leukaemia, the differences 
were not statistically significant. 

The number of leucocytes in the blood from 
leukaemic patients varied over a wide range 
(3 x 10®—8 x 10°/mm.*) and it seemed possible that 
the zine content of the leucocytes might be related 
in some way to the number of leucocytes. Such a 
relationship was found in the group of subjects with 
lymphatic leukaemia. The leucocyte zinc content 
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decreased as the number of leucocytes increased, 
and calculation of the coefficient of correlation | 
showed that this was a significant relationship \ 
(0:05 > P > 0-02). A similar relationship was not 
found in normal subjects or in the smaller group 
with myeloid leukaemia. It may be significant that a 
large number of the blood samples from the patients 
with lymphatic leukaemia contained more than 90% 
of lymphocytes in the leucocyte fraction ; the suspen- | 
sions prepared from these blood samples represented 
an almost pure population of one cell type. 
Zinc content of erythrocytes from normal and leuk- 
aemic subjects. The erythrocytes from the leuk. 
aemic subjects had a higher zine content than had 
those from the normal subjects. The mean values for 
the erythrocytes from normal subjects were 0-97 + 
0-03 yg. of zinc/10° cells and 0-21 + 0-01 yg. of zine 


values 1:12+0-05yug. and 0-25+0-Olyg. for the 
erythrocytes from leukaemic subjects. The dif- 
ference in zine content between normal erythro- 
cytes and those from leukaemic blood was statisti- 
cally significant. If the results were expressed ona 


Table 2. Zinc content of erythrocytes and leucocytes of blood of normal individuals 


RBC, Erythrocytes; WBC, leucocytes; A, ratio on a cellular basis; B, ratio on a nitrogen basis. 


Zn content of cells 








rawes 
Zinc in (ug. of Zn/10° cells) 
Subject whole blood Se oy 
no. (ug-/g-) RBC WBC 
1 6-0 0-92 6-0 
2 5-1 1-43 16-8 
2 71 0-78 3-7 
3 5-1 0-84 20-1 
4 6-7 0:77 8-4 
5 5:4 1-02 30-0 
6 8-0 0-96 17-5 
7 5-1 1-26 11-4 
8 4:8 0-95 10-4 
9 4-6 0-77 8-6 
10 6-9 1-17 9-4 
11 6-1 1-06 10-3 
12 5-1 0-89 4:8 
13 5:7 1-03 5:8 
14 6-2 0-90 6-6 
15 55 0-85 14-5 
16 5-8 1-42 32-0 
17 4:5 0-81 7:3 
18 4-7 0-78 3-9 
19 5-0 1-13 5-8 
20 5:3 1-06 4-6 
21 3-9 0-77 6-8 
22 5-2 0-92 14-9 
23 5-9 1-01] 43-5 
24 5-6 0-97 20-0 
25 5-8 0-86 14-2 
26 5-0 0-75 41-6 
27 5-4 1-01 13-8 
28 = 0-80 13-7 
29 _ 1-24 14-6 
Mean + S.E. 5-6+0-2 0-97 +0-03 14:0+1-9 
(28) (30) (30) 








mg. of nitrogen, compared with corresponding 


~ Ratio 
(ug. of Zn/mg. of N) (Zn in WBC/Zn in RBC) 
————-"-—— neciinen ete a, 
RBC WBC A B 
0-19 5-35 6-5 28-2 
0-32 7-80 11:8 24-2 
0-17 0-49 4:8 2:9 
0-22 2-71 24-5 12:3 
0-16 1-14 10-9 71 
0-22 1-78 29-4 8-3 
0-21 0-63 18-2 3-0 
0-28 1-54 9-1 55 
0-19 1-33 10-9 7-0 
0-18 1-15 11-2 6-4 
0-27 1-54 8-0 57 j 
0-20 1-39 9-7 7-0 
0-18 0-51 5-4 28 
0-19 4-30 5-6 22-6 
0-19 0-87 7:3 4-6 
0-20 1-80 17-0 9-0 
0-28 4-00 22-6 143 
0-17 6-25 9-0 37-0 
0-19 0-29 5-0 15 
0-22 0-72 5-1 3:3 
0-28 0-33 4:3 1-2 
0-21 0-53 8-8 2-5 
0-20 2-06 16-2 10:3 
0-21 2:79 43-5 13-4 
0-21 1-44 20-6 6-9 
0-20 1-09 16-5 55 
0-18 2°12 55:5 11:8 
0-20 1-50 13-7 76 
—— = 17-1 —_ 
0-21+0-01 2-05 +0-35 14-6+42-1 9-74+16 
(28) (28) (30) (28) 
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Subject 


no. 


Mean + S.&. 


Subject 
no. 


13 
13 
13 
13 
14 
It 
14 
14 


14 


27 


Mean + S.£. 


For abbreviations see Table 2. 


Zn content of cells 
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Table 3. Zinc content of erythrocytes and leucocytes of blood of leukaemic subjects 
(chronic lymphatic leukaemia) 
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(ug. of Zn/10° cells) 


1-10+0-06 


(23) 
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SOAOUIRSCWASWN-100 0% 





3-0 


(ug. of Zn/mg. of N) 





(Zn in WBC/Zn in RBC) 





( ‘ 
RBC WBC B 
0-23 1-05 7-1 4-6 
0-29 0-58 1-9 2-0 
0-28 1-03 6-6 3-7 
0-27 0-51 4-0 1-9 
0-29 0-52 2-5 1-8 
0-30 0-70 1-9 2-2 
0-29 0-59 3-0 2-0 
0-34 0-91 3-5 2-7 
0-31 1-17 3-4 3-8 
0:27 0-36 1-0 1-3 
0-22 1-90 3-5 8-6 
0-24 0-93 21-2 3-9 
0-25 1-30 22:2 5-2 
0-32 0-67 6-7 2-1 
0-30 0-69 2-7 2-3 
0-29 0-68 2-2 2-3 
0-14 0-51 58 3-6 
0-13 0-49 7-2 3-8 
0-18 0-95 3-3 53 
0-22 1-25 14-8 5:7 
0-20 1-50 20-8 7-5 
0-16 0-38 4:5 2-4 
9-17 1-74 23-6 10-2 
0-25+0-01 0-89 +0-09 3-9+0-°5 
(23) (23) (23) 





For abbreviations see Table 2. 
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Table 4. Zinc content of erythrocytes and leucocytes of blood of leukaemic subjects 
(chronic myeloid leukaemia) 
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0-22 0-96 
0-21 0-44 
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0:33 0-54 
0-40 0-81 
0-36 0-80 
0-38 0-64 
0-30 0-58 
0-29 0-63 
0-28 1-22 
0-29 0-88 
0-29 1-33 
0-28 0-42 
0-25 0-45 
0-24 1-82 
0-27 0-57 
0-39 0-83 
0-17 0-63 
0-29 1-20 
0-28+0-01 0-79 +.0-08 
(20) (20) 
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cellular basis, 0-01 > P > 0-001, and on a nitrogen 


basis, 0-01 > P > 0-001. One subject with lym- 
phatic leukaemia (no. 12, Table 3) had a very low 
erythrocyte zine content, about half that of normal 
erythrocytes. This low value was found on two 
different occasions. 

Zinc content of the whole blood from normal and 
leukaemic subjects. The mean values for the zinc 
content of whole blood from normal and leukaemic 
subjects were respectively 5-5+0-02yug. and 5-2 + 
0-02ug. of zinc/g. of whole blood. No statistically 
significant difference was found between these two 
values. As might be expected, the zinc content of 
the whole blood is closely connected with the 
erythrocyte count. Since the erythrocytes account 
for about 75% of the total zinc in the blood, a low 
erythrocyte count will usually result in a low zinc 
value for whole blood. 

Nitrogen content of erythrocytes and leucocytes 
from normal and leukaemic subjects. The mean value 
for the nitrogen content of leucocytes from normal 
blood was 10-0+1-3ug. of nitrogen/10° cells 
(Table 1), compared with 9-7+0-9yug. of nitrogen 
for the average values for the leucocytes from all 
the leukaemic subjects. No significant difference 
was found between the nitrogen content of the 
normal leucocytes and the leukaemic leucocytes. 

If the nitrogen content of leucocytes from sub- 
jects with myeloid leukaemia (11-7+1-3yg. of 
nitrogen/10® cells) is compared with that of leuco- 
cytes from patients with lymphatic leukaemia 
(8-0+ l-lug. of nitrogen/10® cells), the leucocytes 
from myeloid subjects have a significantly greater 
nitrogen content (0-05 > P > 0-02). The mean 
value for the erythrocyte nitrogen content of 
normal subjects was 4-61 + 0-08yug. of nitrogen/10°® 
cells and that of the leukaemic subjects 4:43+ 
0-09ng. of nitrogen/10® The difference 
between the two values is not significant. 

Effect of ethylenediaminetetra-acetate or o-phenan- 
throline on the zinc content of erythrocytes and leuco- 
cytes in vitro. Erythrocytes or leucocytes from 


cells. 


Table 5. Effect of treatment in vitro with ethylene- 
diaminetetra-acetic acid or o-phenanthroline on the 
zine content of leucocytes from leukaemic subjects 


Expts. nos. 1-4 were with EDTA and nos. 5 and 6 with 
o-phenanthroline. A, Untreated cells; B, cells treated with 


chelating agent. 7: 
on Zinc content of leucocytes 





(ug./mg. of N) 


. (yg./10° cells) 
a a 


— 


Expt. no. A B A B 
1 4:8 77 0-91 0-88 
2 10-6 6-8 0-83 0-57 
é 8-5 8-3 0-71 0-68 
4 6-8 7-4 0-23 0-21 
5 23-2 27-2 2-20 2-57 
6 11-6 11-9 1-86 1-73 


normal or leukaemic subjects lost negligible 
amounts of zine when treated for 1 hr. in vitro with 
veronal buffer, pH 7-4, containing either EDTA or 
o-phenanthroline in 0-001mM concentration. The 
results obtained on leucocytes from six leukaemic 
subjects are given in Table 5. To study whether the 
buffer alone had any effect on the zine content of 
the leucocytes or erythrocytes, the cells were 
treated in vitro for 1 hr. with the buffer. No change 
in the zine content of the cells was observed. 

Labelling in vitro with ®Zn of erythrocytes and 
leucocytes from normal and leukaemic subjects. 
More ®Zn was found in the leucocytes than in the 
erythrocytes of whole blood labelled in vitro for 
2 hr. with a zince—glycine solution, pH 7-4, contain- 
ing the isotope. The ratio of ®Zn/10° leucocytes to 
65Zn/10° erythrocytes was 57 + 26 (7) and 30 + 13 (6) 
respectively for normal and leukaemic subjects. In 
agreement with the finding that leukaemic leuco- 
cytes contain very much less zinc than do normal 
leucocytes, it can be seen that under the conditions 
of these experiments leukaemic leucocytes take up 
about half as much Zn as do the normal leucocytes. 
The results show a wide range and this is probably 
due largely to differences in viability of the leuco- 
cytes, with a consequent effect on the uptake of 
Zn. 

DISCUSSION 


One of the chief difficulties associated with the 
study of tumour metabolism lies in the hetero- 
geneous nature of the tumour tissues, which makes 
it almost impossible to obtain a sample of tumour 
cells for analysis uncontaminated with non- 
neoplastic tissues. This difficulty does not arise in 
the leukaemias and collection of the leukaemic blood 
cells is comparatively easy. The leukaemias are 
therefore particularly suitable for the investigation 
of trace element metabolism in neoplasia. 

In studies of this type, it is useful to have a suit- 
able reference standard, and, if sufficient material 
had been available, we should have measured the 
deoxyribonucleic acid-phosphorus content of our 
cell samples, for this value can serve as a useful 
standard of reference for revealing changing 
metabolic patterns of cell activity in normal growth 
and differentiation (Davidson & Leslie, 1950; see 
also Davidson, 1960). However, as it was not 
possible for us to measure the amount of deoxy- 
ribonucleic acid in our leucocyte samples, we used, 
as reference, the amount of nitrogen in the leuco- 
cytes and erythrocytes, and recorded the results in 
amounts of zine per cell and per mg. of nitrogen. 
Since, however, the amount of deoxyribonucleic 
acid in leucocytes is fairly high in relation to that of 
other constituents, we shall try to use this reference 
standard in further studies on differences between 
leukaemic and normal leucocytes. 
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Although it is now 12 years since Vallee & 
Gibson (1948) showed that the human leucocyte is 
relatively rich in zine, we still have no definite 
information concerning the function of the metal in 
this cell. It has been observed that eosinophils 
contain large amounts of zine in the granules 
(Mager, McNary & Lionetti, 1953; Wolff, 1956). 
Cram & Rossiter (1948) found that the concentra- 
tion of alkaline phosphatase in granulocytes was 
1000 times that in serum. Alkaline phosphatase of 
swine kidney has been shown to be a zinc-metallo- 
enzyme (Mathies, 1958) and it is possible that some 
of the zine in leucocytes is associated with alkaline 
phosphatase. In this connexion, it may perhaps be 
significant that in chronic and acute leukaemias the 
alkaline phosphatase activity of the white cells is 
decreased (Beck & Valentine, 1951; Valentine & 
Beck, 1951; Valentine & Lawrence, 1956). 

A peptidase which is found in leucocytes is 
known to require zinc as a cofactor in the hydro- 
lysis of glycyl-t-leucine (Fleisher, 1956). It is not 
known whether the activity of this enzyme is below 
normal in leukaemia. According to Vallee (1959) 
there is no correlation between the zine content of 
human leucocytes and alcohol dehydrogenase, 
carboxypeptidase, lactic dehydrogenase, malic de- 
hydrogenase, glutamic dehydrogenase and rhodan- 
ese activity. Hoch & Vallee (1952) (cf. Vallee et al. 
1954) were able to isolate a protein from human 
leucocytes containing 80% of the leucocyte zinc, 
but they were unable to demonstrate any associated 
enzyme activity. 

This lack of knowledge concerning the function 
of zinc in the normal leucocyte hampers any inter- 
pretation of results vbiained on the leukaemic 
leucocyte. Our observations that the leukaemic 
leucocyte contains about half as much zine as does 
the normal leucocyte confirms the earlier observa- 
tions of Gibson e¢ al. (1950) and Wolff (1956). The 
results given here show that this lower zine content 
is relative not only to the number of leucocytes but 


also to the cellular nitrogen. In the two types of 


leukaemia studied, namely chronic myeloid and 
chronic lymphatic, there was no significant dif- 
ference between the nitrogen content of normal and 
leukaemic leucocytes. It would appear that no 
significant change takes place in the nitrogen 
content of the leucocytes when they become 
leukaemic. The decrease in zine content of the 
leukaemic cells is therefore not paralleled by a fall 
in the nitrogen content of the cells. The significantly 
lower nitrogen content of leucocytes from subjects 
with chronic lymphatic leukaemia compared with 
that of leucocytes from subjects with chronic 
myeloid leukaemia may be attributed to the smaller 
size of the lymphocytes compared with the myeloid 
cells. 

The low zine content of leukaemic leucocytes 
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may not be a characteristic of the leukaemic state 
but may be related to the immaturity of the cells. 
On the other hand, although in chronic myeloid 
leukaemia large numbers of immature cells are 
found in the blood, in chronic lymphatic leukaemia 
the majority of cells are mature lymphocytes which 
show the same low average zine content as do the 
immature myeloid cells. The incorporation of zinc 
into the primitive developing leucocytes in the 
leukaemic bone marrow may be faulty, but whether 
this is a cause or a consequence of the neoplastic 
state cannot be decided from the existing evidence. 
A low tumour zine content compared with that of 
the normal tissue of origin is not an invariable 
finding, several workers having reported high 
tumour zine contents (Cristol, 1923; Labbé & 
Nepveux, 1927; Sugai, 1939, 1940; Addink, 1950). 

Attempts to treat leukaemia by administration 
of zine gluconate have been unsuccessful (Gibson 
et al. 1950). The low zine content of the leukaemic 
leucocytes may be due to lack of a factor which is 
responsible for the incorporation of zinc into the 
cell, in which case administration of zine would not 
necessarily lead to an increase in leucocyte zinc. 

The higher zine content of the leukaemic erythro- 
cytes is of interest. Anaemia of various degrees of 
severity was present in nearly all the leukaemic 
subjects from whom we obtained blood. Vallee 
(1959) states that in anaemias other than pernicious 
anaemia, and leukaemia, the erythrocyte zine value 
varies directly with the haematocrit level and 
haemoglobin concentration. However, in our 
studies we have observed no similar correlation. 
The possibility of association of zinc with haemo- 
globin in the erythrocyte must be considered, for 
there is evidence that, in the equine erythrocyte 
labelled in vitro with Zn, the zine is bound to 
haemoglobin (Sivarama Sastry, Viswanathan, 
Ramaiah & Sarma, 1960). It is therefore possible 
that erythrocyte zinc not present in the carbonic 
anhydrase may be partly associated with haemo- 
globin, but from our results it would appear that in 
leukaemic subjects the zine content of the erythro- 
cytes is not directly proportional to the haemo- 
globin concentration. The range of the erythrocyte 
zine concentration is much greater in leukaemic 
subjects than in normal subjects. It appears that in 
leukaemia there is an imbalance of zinc metabolism 
of the haemopoietic system which is reflected in the 
raised erythrocyte zinc and lowered leucocyte zinc. 

The concentration of zinc in the whole blood of 
the leukaemic subjects was not significantly lower 
than that of normal subjects. In leukaemia and 
other neoplastic conditions the serum zinc level is 
below normal (Vikbladh, 1951), but, as the amount 
of zinc in the serum is small compared with that in 
the cells, this does not have much effect on the 
whole-blood zine level. 
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Both EDTA and 1:10-phenanthroline are power- 
ful chelating agents for zinc, but in vitro they will 
not remove zinc from erythrocytes or leucocytes. 
The cell wall of the erythrocyte is impermeable to 
EDTA (Foreman & Trujillo, 1954) and inability to 
penetrate the cell walls may explain the inability of 
this compound to affect the zinc content of normal 
and leukaemic erythrocytes and _ leucocytes. 
Sivarama Sastry e¢ al. (1960) showed that Zn 
bound in vitro to equine erythrocytes was only 
removed very slowly by EDTA, and that the com- 
pound completely inhibited uptake of ®Zn by the 
erythrocytes. Thus, the removal of zine from com- 
bination with proteins and other constituents of 
leucocytes can probably be effected only by drastic 
treatment involving the disruption of the cell 
before treatment with a chelating agent. 

The effect of chelating agents might not directly 
lead to the removal of zinc bound to proteins, for it 
has been shown that the treatment of the zinc- 
metalloenzyme alcohol dehydrogenase with o- 
phenanthroline causes inactivation of the enzyme 
with the formation of enzymically inactive zinc-o- 
phenanthroline-enzyme complexes; 1 mole of o- 
phenanthroline reacts with the zinc of the enzyme, 
the chelating agent competing with the cofactor 
(reduced or oxidized diphosphopyridine nucleotide) 
for the active centre of the enzyme (Vallee & 
Coombs, 1959). 

The cellular components of rabbit blood show a 
similar difference in their capacity to take up added 
zinc. In some of our earlier experiments, the addi- 
tion of ®Zn to rabbit blood was followed by fairly 
rapid uptake of this isotope by leucocytes and 
erythrocytes, with the average leucocyte taking up 
about eight times as much ©Zn as did the average 
erythrocyte (Tupper, Watts & Wormall, 1951). 
This ratio was much lower than that recorded in 
this paper for human blood labelled in vitro with 
®Zn, but the difference in the ratios may be due 
largely to differences in the experimental condi- 
tions. In the earlier studies, the separation of 
leucocytes and erythrocytes was effected by the 
flotation method of Vallee, Hughes & Gibson 
(1947), and this separation was not as satisfactory 
as was that effected by the method used in the 
present paper, and, further, radioactive zinc of 
higher specific activity has been used for the 
experiments on human blood described here. It is 
possible that the capacity of leucocytes of rabbit 
blood, relative to that of the erythrocytes, is as high 
as that for human blood, and this view is confirmed 
by some labelling studies in vivo that we are now 
making. For example, the intravenous injection of 
Zn into a rabbit resulted in the labelling of the 
blood cells with this isotope, and in samples of 
blood collected 24 hr. after the injection, the leuco- 
cytes contained, per cell, about sixty times as 


much Zn as did the average erythrocyte (E. 
Dennes, R. Tupper & A. Wormall, unpublished 
work); this ratio is the same as that found in the 
in vitro labelling experiments with normal human 
blood described in this paper. A similar high ratio 
(of 30) was found for the ratio leucocyte Zn/ 
erythrocyte Zn in the cells obtained from the bone 
marrow of these rabbits killed 24hr. after the 
injection of ®Zn. 

Much more work remains to be done on the meta- 
bolism of zine in leucocytes and erythrocytes of 
normal and leukaemic subjects, and particularly on 
the abnormalities in zine metabolism which occur 
in the leukaemias. There is evidence that the 
serum activity of the zinc-metalloenzyme lactic 
dehydrogenase is elevated during acute and 
chronic human leukaemia (Friend & Wrédéblewski, 
1956), and there are other indications of distur- 
bances of zinc metabolism in this disease. In 
general, however, there is a lack of precise informa- 
tion about the zine content of bone marrow under 
normal conditions and about its variation in 
disease. A study of the zinc in leucocytes from 
subjects with leucocytosis not caused by neoplastic 
conditions would be of great value in establishing 
whether the low zine concentration in leukaemic 
leucocytes is indeed connected with the neoplastic 
state of the cells. 


SUMMARY 


1. Neutron-activation analysis has been used to 
measure the amount of zinc in whole blood, eryth- 
rocytes and leucocytes from 29 normal subjects 
and from 27 subjects suffering from chronic 
leukaemia (17 suffering from lymphatic and 10 
from myeloid leukaemia). 

2. The zine content of the leucocytes from the 
leukaemic subjects, expressed either as pg. of zinc/ 
10° cells or /mg. of nitrogen, was significantly lower 
than that of leucocytes from normal subjects, the 
mean. values being 8-9+ 1-4yug. of Zn/10° cells and 
0:934+0-08ug. of zinc/mg. of nitrogen for the 
leukaemic leucocytes, and 14-2 + 2-Oyg. of zince/10° 
cells and 1-97 + 0-3lyg. of zine/mg. of nitrogen for 
the normal leucocytes. Statistical analysis of the 
results showed that these differences were significant 
with 0:02 > P > 0-01 for the values measured 
per mg. of nitrogen. 

3. The zine content of the leucocytes from the 
subjects with lymphatic leukaemia was approxi- 
mately inversely proportional to the number of 
leucocytes in the blood. 

4, The erythrocytes showed a slight but statisti- 
cally significant difference in the opposite direction, 
the leukaemic erythrocytes containing more zinc 
than did normal human erythrocytes (average 
values of 0-25 + 0-01 and 0-21+0-Olyg. of zine/mg. 
of nitrogen, respectively). 
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5. There was no significant difference between 
the whole blood zine of normal and leukaemic 
subjects. 

6. There was no significant difference between 
the average nitrogen contents of leucocytes from 
normal and leukaemic subjects, but the leucocytes 
from the subjects with myeloid leukaemia contained 
significantly more nitrogen than did the leucocytes 
from the subjects with lymphatic leukaemia 
(0:05 > P > 0-02). 

7. No removal of zine occurred when normal or 
leukaemic leucocytes and erythrocytes were 
exposed in vitro to buffer solutions containing a 
zine-chelating agent (ethylenediaminetetra-acetic 
acid or o-phenanthroline). 

8. The cells of normal and leukaemic bloods have 
been labelled in vitro with ©Zn. With the normal 
bloods the average leucocyte took up about 60 
times as much zinc as did the average erythrocyte. 
With the leukaemic bloods the ratio of leucocyte 
%Zn/erythrocyte Zn was also high, but average 
ratios were only about half those for the normal 
bloods. 


This work was carried out with the aid of grants from the 
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The Effect of Ethanol on the Amino Acids of the Rat Brain with a 
Reference to the Administration of Glutamine 
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Research Laboratories of the State Alcohol Monopoly (Alko), Helsinki, Finland 


(Recewed 18 July 1960) 


In an earlier investigation (Haikkinen & Kulonen, 
1959) it appeared that incorporation of the carbon 
atoms of ethanol into the brain proteins took place 
comparatively rapidly in vivo. Metabolism of the 
parent amino acids in the nervous tissue is well 
documented, and glutamic acid and its metabolic 
derivatives are known to vary with the functional 
state of the brain (Tower, 1956, 1957). In many 
conditions the concentration of y,- 
aminobutyric acid and glutamic acid in the brain is 
decreased (Elliott, 1959; Roberts & Baxter, 1959), 
and some psychotropic drugs increase the content 
of y-aminobutyric acid in the brain (Woodbury & 
Vernadakis, 1958; Nauta, 1959). The glutamic acid 
content is also influenced by hypoxia, malonate and 
other inhibitors such as anaesthetics (Dawson, 1951; 
Klingmiiller, 1955; Strecker, 1957; Tower, 1959). 

It was expected that the content of the amino 
acids in the brain would be affected by ethanol 
intoxication. The changes observed in the amino 
acids are presented below, together with analyses 
of some relevant metabolites. A preliminary note 
on the y-aminobutyric acid has already appeared 
(Haikkinen & Kulonen, 1959a). 


convulsive 


Experiments with additional administration of 


glutamine were included because of the significance 
of this substance as the main nitrogenous nutrient 
passing the blood-brain barrier, and because of the 
favourable effect of glutamate in certain disorders 
of the brain (Weil-Malherbe, 1952). Glutamine is 
also known to decrease significantly the voluntary 
consumption of ethanol by rats (Rogers, Pelton & 
Williams, 1955, 1956). 


EXPERIMENTAL 


Animal experiments and sampling 


Adult rats (average weight 150 g.) of the Wistar strain, 
previously starved for 24hr., were used. To 19 rats 
1-67 ml. of ethanol, i.e. 430 mg./100 g. of body weight as an 
aq. 33% (v/v) solution, was given by means of a stomach 
tube. To six rats the same relative amount of ethanol in 
which was dissolved 167mg. of 1(+)-glutamine (F. 
Hoffmann-La Roche and Co. Ltd., Basel, Switzerland) per 
100 g. of body weight was given. Four rats received the 
same amount of glutamine alone as an aqueous solution 
and five rats an equal volume of water as a control.»The 
rats which were given ethanol alone became stuporous and 
flabby, but not unconscious. The simultaneous administra- 


tion of ethanol and glutamine alleviated these symptoms of 
intoxication. Three of the control rats were killed immedi- 
ately after the administration of water, and the other rats 
after lapses of time varying from 20 min. to 24 hr. For the 
estimation of the variability between individuals an addi- 
tional series of five ethanol-treated rats (killed after 60 min.) 
and two control rats (killed immediately) was included. 

In all but four cases the brains were excised immediately 
after decapitation and homogenized with a Potter- 
Elvehjem homogenizer in ice-cold 75% (v/v) ethanol 
(12 ml./g. of fresh brain tissue) less than 5 min. after 
killing. Samples from four rats, two of which had received 
ethanol and two water, 1 hr. earlier, were fixed by rapid 
freezing. After a blow on the head (but with the circulation 
still intact) the rats were dipped into liquid air for 60 sec, 
Then all the heads were cut off with a saw and allowed to 
thaw in ice-cold absolute ethanol for 20 min. The brain could 
then be prepared and homogenized in 75 % ice-cold ethanol. 

When the analyses had been completed, Professor 
Mcllwain kindly brought to our attention the work by 
Dawson & Richter (1950), who had used young rats 
weighing about 40 g. and avoided everything that might 
have excited the animals. Therefore additional experiments 
were performed with young rats, average weight 44 g., and 
the stunning was omitted. The effect of the method of 
killing is shown in Tables 1 and 2. 

When the young rats were used, a fine precipitate ap- 
peared in the supernatant (containing 75 % ethanol) of the 
brain homogenate, when it was stored at 4° for 24 hr. 
Additional precipitate was formed during the subsequent 
24hr. This precipitate was very soluble in chloroform, 
soluble in ether and slightly soluble in ethanol and acetone. 


Reagents 


The ethanol administered to the rats was purified, for 
spectrometric research, and manufactured by Oy Alkoholi- 
like Ab, Finland. 1(+)-Glutamine, L(+)-aspartic acid, 
L(+)-alanine, glycine, L(+)-serine and taurine, used for 
amino acid standards, were from F. Hoffmann-La Roche 
and Co. Ltd., Basel, Switzerland. y-Aminobutyric acid, 
a-oxoglutaric acid and pyruvic acid were produced by 
Fluka AG., Buchs, Switzerland, and 1(+)-glutamic acid 
and succinic acid by E. Merck A.-G., Darmstadt, Germany. 
Celite, Analytical Filter-Aid, was manufactured by Johns- 
Manville and Co. Ltd., London, S.E. 11. The rest of the 
chemicals used were all produced by E. Merck A.-G., 
Darmstadt, Germany, and they were either the ‘ pro analysi’ 
or ‘for chromatography’ grade. 


Analyses 


The homogenates were kept for at least 1 hr. at 4° and 
then centrifuged at 24 000g for 1 hr. at 0°. The precipitate 


was suspended in 5 ml. of cold 75% (v/v) ethanol and 
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centrifuged again for 30 min. The combined supernatants 
were evaporated by using an air stream at room tempera- 
ture. Some of the first samples were evaporated on a water 
bath. The dry residues were dissolved in water (1 ml./g. of 
original fresh brain tissue). 

Amino acids. For paper-chromatographic analysis of 
y-aminobutyric acid by a slight modification of the method 
of Roberts & Frankel (1950), 201. of this aqueous solution, 
representing 20 mg. of brain, was applied to each spot. 
Phenol—water-acetic acid (1000 g.:240 ml.:12-5 ml.) was 
used as the solvent and one-dimensional chromatograms 
were run at least in duplicate on Whatman no. 1 paper 
(size about 45 cm. x 60 cm.). The other amino acids were 
analysed by two-dimensional chromatography, with the 
phenol mixture as the first solvent and butan-1-ol-acetic 
acid—water (4:1:5, by vol.) as the second. The spots con- 
tained 30yul. of the same aqueous solution (representing 
30 mg. of the fresh tissue). The sheets were dipped into a 
0-1%, ninhydrin solution (in propan-2-ol), and allowed to 
dry in the dark at room temperature for 23-25 hr. 

The eight most intense spots in the chromatograms 
(corresponding to glutamic acid, y-aminobutyric acid, 
glutamine, aspartic acid, alanine, glycine, serine and 
taurine) were measured. The spots were cut out (including 
the same total area in all of the samples), cut into narrow 
strips and eluted with 5 ml. of water for 1 hr. with occa- 
sional shaking. The paper strips were pressed down to the 
bottoms of the tubes with a glass rod. The colour of the 
eluate was measured at 570 mp with a Beckman DU spectro- 
photometer. 

For the preparation of the standard curves, known 
amounts of the individual amino acids were run through 
the whole chromatographic procedure. In later work 
occasional standards were run. 

To illustrate the reproducibility of the determinations, 
the following standard deviations of duplicates from their 
respective means were calculated: y-aminobutyric acid 
t5:3% (n = 19), glutamic acid +1:5% (n = 19), glut- 
amine +4-8% (m = 19) and aspartic acid +2-5% (nm = 17). 

Succinic acid. For the enzymic determination with 
succinoxidase the interfering coenzymes had to be re- 
moved from the aforementioned aqueous solution. A 
portion (1 ml.) of this solution (representing 1g. of the 
original fresh tissue) was acidified with sulphuric acid 
below pH 2, adsorbed in a Biichner funnel on 2 g. of dry 
Celite and eluted with about 200 ml. of dry ether (Swim & 
Utter, 1957). The ether was evaporated from the samples, 
the residues were dissolved in 1 ml. of 0-1m-phosphate 
buffer (pH 7-4), and 0-5 ml. of this solution was taken for 
each determination according to the manometric method of 
Cohen (1951). 

«-Oxo acids. «-Oxoglutaric acid and pyruvic acid were 
determined spectrophotometrically as their 2:4-dinitro- 
phenylhydrazones after paper chromatographic separa- 
tion (Kulonen, Carpén & Ruokolainen, 1952). For each 
determination 0-5ml. of the aforementioned aqueous 
solution (representing 500 mg. of the original fresh tissue) 
was used, 

RESULTS 
Amino acids 


The amino acid contents of the whole brain (in 
pmoles/100 g. of fresh tissue + s.D.) of the five adult 
control rats, decapitated at room temperature, 
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were: glutamic acid 912+18-0, y-aminobutyric 
acid 422+ 11-1, glutamine 386 + 30-5, and aspartic 
acid 282+7-3. In addition, the following amino 
acids were determined in the brains of two of the 
control rats: alanine 260 (range 245-272), glycine 
270 (range 263-280), serine 280 (range 277-288) 
and taurine 230 (range 222-232). The correspond- 
ing amino acid contents of the brain of the young 
rats were considerably smaller, with the exception 
of glutamine (Table 1). 

The amount of glutamic acid (Fig. 1) rose in all 
three experimental series. The rats that received 
only ethanol showed the greatest increase (130 p- 
moles/100 g., 14%) at 90 min., and afterwards a 
decrease to 6 % below the initial value. The maxi- 
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Glutamic acid 


(umoles/100 g. of brain tissue) 
xo 
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Time (hr.) 


Fig. 1. Change in the glutamic acid content of rat brain 
after administration of the following substances: ethanol 
alone (@), ethanol and L-glutamine (™) and L-glutamine 
(A). Each point on the curve with ethanol alone is derived 
from two animals, and on the other curves from a single 
animal. 


y-Aminobutyric acid 


(umoles/100 g. of brain tissue) 





Time (hr.) 


Fig. 2. Change in the y-aminobutyric acid content of rat 
brain after administration of the following substances: 
ethanol alone (@), ethanol and t-glutamine (™) and L- 
glutamine (A). Each point on the curve with ethanol alone 
is derived from two animals, and on the other curves from 
a single animal. 
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mum increase of the glutamic acid appeared 
earlier in the other two groups of rats; it was only 
7% and rapidly levelled off. 

The amount of y-aminobutyric acid (Fig. 2) rose 
rapidly in all three series and returned to the initial 
value in about 2 hr. The rats that received ethanol 
alone showed a maximum increase (163 umoles/ 
100 g., 38 %) 60 min. after ethanol administration, 
whereas the rats that were given both ethanol and 
glutamine showed only an 18 % increase, and those 
that received glutamine alone a 20 % increase over 
the initial value, both 40 min. after the administra- 
tion. 

The glutamine level (Fig. 3) of the rats which 
were given ethanol alone fell by 68 umoles/100 g., 
i.e. 18% of the initial value, in 40 min., and then 
slowly recovered in 3hr. The rats that received 
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(umoles/100 g. of brain tissue) 


300 


0 1 2 3 24 
Time (hr.) 


Fig. 3. Change in the glutamine content of the rat brain 
after administration of the following substances: ethanol 
alone (@), ethanol and L-glutamine (™) and L-glutamine 
(4). Each point on the curve with ethanol alone is derived 
from two animals, and on the other curves from a single 
animal. 
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Fig. 4. Change in the aspartic acid content of rat brain 
after administration of the following substances: ethanol 
alone (@), ethanol and L-glutamine (™) and L-glutamine 
(A). Each point on the curve with ethanol alone is derived 


from two animals, and on the other curves from a single 
animal. 
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both ethanol and glutamine as well as those that 
received glutamine alone showed a steep rise in the 
brain glutamine level, with maximum increases of 
30 and 36%, respectively, followed by a compara- 
tively slow decrease. 

The rats that were given ethanol alone showed an 
increase of 50 umoles/100 g. (18%) in the aspartic 
acid level between 1 and 2hr. (Fig. 4), whereas 
there was no significant change in the other groups. 

In the group that received ethanol alone, the 
maximum changes were thus observed in this 
chronological order: in the concentration of glut- 
amine, y-aminobutyric acid, glutamic acid and 
aspartic acid. 

No notable changes occurred in the concentra- 
tions of alanine, glycine, serine and taurine. The 
changes in the glutamic acid, glutamine and y- 
aminobutyric acid were not dependent on the 
killing conditions or on the age of the rats (‘Table 1). 

Evaluation of the results. In Table 1 are listed the 
statistical probabilities of the chance occurrence of 
the changes observed in y-aminobutyric acid, 
glutamic acid and glutamine in the brains of 
young rats 60 min. after ingestion of ethanol. The 
respective probabilities in adult rats (eight test 
animals, killed 60min. after administration of 
ethanol, and five control animals, killed immediateiy 
after the administration of the same volume of 
water) are for y-aminobutyric acid P < 0-001, for 
glutamic acid P< 0-001 and for glutamine 
P < 0-005. These statistical values in conjunction 
with the shape of the curves (Figs. 1—4) lead us to 
believe that the changes in these amino acids are 
significantly related to the action of ethanol. The 
change in the aspartic acid may be secondary only, 
but the 98% confidence limit of control values is 
+4:9% and the observed maximal deviation 
(+18%) is outside them. 

The 98% confidence limits (based on the esti- 
mated standard error) of the amino acid analyses 
60 min. after the ingestion of ethanol are for y- 
aminobutyric acid +7:5%, for glutamic acid 
+1-5% and for glutamine +2-7%. The values 
obtained by simultaneous ingestion of glutamine 
and ethanol fell outside these limits. We do not 
have data enough to decide whether there is a 
difference between the values obtained with 
glutamine and ethanol and with glutamine alone, 
or whether these values differ significantly from the 
normal level. 


Succinic acid, «-oxoglutaric acid and 
pyruvic acid 
The results are collected in Table 2: 60 min. 
after ethanol administration the succinic acid rose 
in the average by 22 umoles/100 g. of fresh brain 
tissue (P < 0:01) above the level of the control 
rats. The keto acids fell, «-oxoglutaric acid in the 
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average by 17ymoles/100g. (P < 0-05) and 
pyruvic acid in the average by 30 ymoles/100 g. 
(P < 0-005). 

In contrast to the observations on the amino 
acids, fixation of the brain in liquid air was essential 
for the analysis of these metabolites. During pre- 
paration at room temperature a conspicuous arti- 
fact increase was noted in the concentration of 
succinic acid and a decrease in both keto acids, as 


may be seen from Table 2. 


DISCUSSION 


Dawson (1951) found that in rats anaesthetized 
with a barbiturate (thiopentone) the free glutamic 
acid content of brain was lowered significantly and 
the glutamine slightly raised. We have no explana- 
tion for our findings, but believe that they are due 
to different mechanisms and levels of anaesthesia 
produced. 

Kini & Quastel (1959) investigated the conver- 
sion of the uniformly labelled glucose into amino 
acids by cerebral tissues in vitro. Sodium amytal 
increased the radioactivity in alanine, glutamic 
acid and y-aminobutyric acid. On simultaneous 
stimulation with potassium ions the radioactivity 
of the glutamine fell. The authors attributed these 
findings to inhibition of the reoxidation of reduced 
diphosphopyridine nucleotide by amytal. These 
changes closely resemble our experimental findings 
with ethanol, reported above, except as regards 
alanine. However, ethanol is not known to affect 
the respiratory enzymes in the brain, even if the 
oxygen uptake and glucose uptake of stimulated 
brain slices are decreased (Wallgren & Kulonen, 
1960). Our preliminary assumption was that the 
increases in the glutamic and y-aminobutyric acids 
were due to inhibition of the normal oxidation of 
a-oxoglutaric acid to succinic acid. The changes 
observed in these metabolites do not support this 
view, even though all the amino acids in which 
changes occurred are closely connected with the 
citric acid cycle. 

It seems that the effect of ethanol on the amino 
acids of the brain is suppressed by glutamine, since 
the values obtained after combined ethanol and 
glutamine administration differ only slightly from 
those obtained with glutamine alone. If the total 
amount of amino groups bound in the glutamic 
acid, y-aminobutyric acid and glutamine is con- 
sidered, there seems to be a net increase of this 
bound ammonia during intoxication. In some un- 
known way the administration of glutamine appears 
to prevent this accumulation. Glutamine stimulates 
the adrenergic system (Weil-Malherbe, 1952; Weil- 
Malherbe & Bone, 1952), and it may not act at 
metabolic level. This point will be discussed later 
in connexion with relevant experiments in vitro. 
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The decrease in the keto acids may be due to the 
diminished utilization of glucose, which also may 
cause the impaired synthesis of glutamine. A 
deficit of oxygen may account for the increase of 
both the succinic and the y-aminobutyric acid. 

Whether the presence of ethanol induces these 
changes in the amino acids directly or indirectly is 
obscure. It seems improbable that the increase in 
the y-aminobutyric acid is the direct cause of the 
manifestations of ethanol intoxication, since a 
notable increase is also observed on administration 
of glutamine. Since it is not necessary to employ 
rapid fixation in liquid air to obtain these results on 
the amino acids, it is suggested that the changes in 
the amino acid concentrations are not directly due 
to any imbalance in intermediates of the energy 
metabolism. 


SUMMARY 


1. During the period of ethanol intoxication an 
increase was observed in the content of y-amino- 
butyric acid, glutamic acid and aspartic acid in the 
brain, and a decrease in glutamine. The alanine, 
glycine, serine and taurine remained unchanged. 
Simultaneous ingestion of glutamine suppressed 
these effects of ethanol. 

2. Succinic acid increased 
decreased during intoxication. 

3. When the brains were prepared at room 
temperature, the changes in the concentrations of 
succinic acid and «-oxo acids were more pro- 
nounced than after a fixation in liquid air. For 
the estimation of the glutamic acid, glutamine and 
y-aminobutyric acid, fixation in liquid air was not 
necessary. 

4. The content of the free amino acids in brain, 
with the exception of glutamine, was significantly 
lower in the young rats than in the adult rats. 


and «-oxo acids 
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A Study of the Colorimetric Estimation of Oestradiol-178, 
Oestradiol-17a, Oestrone, Oestriol and 16-epiOestriol 
by the Kober Reaction 


By W. NOCKE 
Chemische Abteilung, Chirurgische Universitdts- und Poliklinik, Bonn-Venusberg, Germany 
and Frauenklinik, Medizinische Akademie, Diisseldorf, Germany* 


(Received 6 July 1960) 


In the course of applying the method of Brown 
(1955) for the estimation of urinary oestrogens, the 
Kober reaction employed in this method did not 
work well in our hands. The intensities of colours 
developed from pure crystalline oestrogens and their 
methyl ethers were considerably lower than those 
specified by Bauld (1954) and Brown (1955) (ef. 
Breuer, Nocke, Geissler & Mitchell, 1957). This was 
not rectified by addition of oxidizing agents to the 
reagents as recommended by Bauld (1954). In 
addition to the typical absorption maximum 
between 510 and 520 my there was a peak at 460— 
470 mp, indicating that the yellow colour of the 
first stage of the reaction was not being completely 
converted into pink colour (‘inhibition type IL’ of 
Bauld, 1954). Also, when compared with those of 
Brown (1955). there was a 4-6my shift in the 
absorption peaks of the pink colours. The repro- 
ducibility of the results was satisfactory, but the 
sensitivity was low. The conditions of the reaction 
were therefore re-examined in an attempt to ob- 
tain the sensitivity reported by Bauld (1954) and 
Brown (1955). In this investigation, 16-epioestriol 


* Present address 


and oestradiol-17« have been examined as well as 
the three ‘classical’ oestrogens, oestradiol-17, 
oestrone and oestriol. 


MATERIALS AND METHODS 


Steroids. Standard solutions of pure crystalline oestro- 
gens and their 3-monomethyl ethers were prepared in 
ethanol (absolute, ‘pro analysi’; E. Merck, Darmstadt) 
with a concentration of 10ug./ml. and stored at 4°. 

Colour reagents. The Kober reagents contained 2-0% 
(w/v) of quinol (‘puriss.’, E. Merck) dissolved in aqueous 
solutions of H,SO, (sp.gr. 1-84; ‘pro analysi’, E. Merck). 
The final concentrations of H,SO, were between 50 and 
96 % (v/v) and were calculated by assuming that the conc. 
H,SO, was 96 % (v/v). Solution of quinol was hastened by 
heating. The solutions were kept at least 1 week before use 
and stored in amber bottles at room temperature in the 
dark (cf. Brown, 19526; Bauld, 1954); they were colourless 
and stable for months. 

Kober reaction. The standard solutions (0-5—1-0 ml.) were 
pipetted into ‘Kober tubes’ (Jena glass; 175 mm. x 25 mm.) 
with standard NS 14-5 sockets fitted with cones. Quinol 
(4 mg.) in ethanolic solution (0-2 ml. of 2%, w/v) and two 
pieces of white Beauxilite abrasive (size no. 16; Universal 
Grinding Wheel Co. Ltd., Stafford) washed with ethanol 
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Table 1. Determination of the optimum sulphuric acid concentration for oestrone in 


the second stage of the Kober reaction 


Each tube contained the dry residue of 5g. of oestrone and 4 mg. of quinol. Colour reagent: 66% (v/v) 
H,SO,-2% quinol. Heating times: first stage 20 min., second stage 10 min. For the second stage, water was 
added so that the volume of water plus volume of reagent was 3-2 ml. in each tube. E,.,.. = 25,5 — (L474 + E556): 


Concn. of 


H,SO, 
Kober in the 
reagent second stage 
(ml.) (% v/v) 
1-5 30-9 
1-7 35-1 
1-8 37:1 
1-9 39-2 
2-0 41-2 
2-1 43-4 
2-2 45-4 
2:3 47-5 
2-7 55-7 
2-8 57-7 
2-9 59-8 
3-2 66-0 





E 
r _ — — A —__—____—— —, 
515 mp 

465 mp 474 my (Amax.) 556 my Rie, 
0-060 0-082 0-188 0-015 0-279 
0-071 0-099 0-223 0-016 0-331 
0-073 0-102 0-235 0-014 0-354 
0-080 0-109 0-252 0-018 0-377 
0-085 0-116 0-266 0-015 0-401 
0-085 0-118 0-275 0-016 0-416 
0-090 0-122 0-275 0-015 0-413 
0-100 0-128 0-275 0-016 0-406 
0-155 0-162 0-243 0-025 0-299 
0-161 0-166 0-238 0-021 0-289 
0-170 0-174 0-247 0-027 0-293 
0-200 0-192 0-237 0-032 0-250 


0-25 


0-20 


0-15 


010 





n5SBMWSE DS OO GS A BH 
Conen. of H,SO, in second stage (%, v/v) 


Fig. 1. Corrected extinctions (Z,,,,.) of the colour produced from 5yug. amounts of oestradiol-17f, oestradiol-17«, 
oestrone, oestriol and 16-epioestriol as influenced by different sulphuric acid concentrations in the second stage 


of the Kober reaction. 


Steroid 
Oestradiol-17B 
Oestradiol-17« 
Oestrone 
Oestriol 
16-epiOestriol 








Conen. of Wavelengths (mp) 
H,SO, in the - i 
first stage E, 

Symbol %» V/V) By (Ed max.) Es 
A 60 480 518 556 
A 66 486 521 556 
Oo 66 474 515 556 
O 76 472 514 556 
e 66 472 514 556 


Heating times: first stage, 20 min.; second stage, 10 min. Final volume of all reaction mixtures: 3-2 ml. 


B cer, oe 2E, re (Ey + £3). 
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were added and the solvent was evaporated by heating on 
a water bath under reduced pressure in an atmosphere of 
nitrogen. Blank tubes containing quinol only were pre- 
pared at the same time. After adding the appropriate 
colour reagent to the dry residue the yellow fluorescent 
colour was developed by heating the tubes with stoppers in 
place on a boiling-water bath (first stage). The tubes were 
shaken 12 times under identical conditions after 2 and 
5min. of heating. The solutions were then cooled in a 
bath of ice—water (5 min.). Water was added in amounts to 
give the required concentration of H,SO, and the tubes 
were shaken vigorously. After development of the pink 
colour by further heating the tubes with stoppers in place, 
the mixtures were cooled again for 5 min. in a bath of ice— 
water and subsequently allowed to stand at room tempera- 
ture for about 10 min. before reading. The mixtures were 
protected from bright light at all stages of the reaction. 
The sum of the volumes of colour reagent and water added 
in the second stage was kept constant within each series. 
The final volumes and the final concentrations of H,SO, 
were calculated from the sum of these volumes and no 
allowance was made for the volume contraction of about 
7%, 

Spectrophotometry. Extinction (log I,/I) was measured 
in a Beckman DU spectrophotometer against similarly 
treated reagent blanks in 10 mm. glass cells. The readings 
were corrected for unspecific background colour by 
applying the equation of Allen (1950). 


RESULTS 


Influence of sulphuric acid concentration in 
the second stage of the reaction 


Kober reagents with the following sulphuric 
acid concentrations were employed: 60 % (v/v) for 
oestradiol-178, 76% (v/v) for oestriol and 66% 
(v/v) for oestradiol-17«, oestrone and 16-epi- 
oestriol. In the first stage of the reaction the 
oestrogens were heated with the reagent for 
20min. on a boiling-water bath. After cooling, 
water was added to give the required final concen- 
tration of sulphuric acid. The mixtures were then 
reheated for 10 min. and cooled again. The final 
volume of all reaction mixtures was 3-2 ml. and the 
volumes of reagent and water were adjusted so that 
the sulphuric acid concentrations in the second 
stage were 30-9-60-0% for oestradiol-178, 39-2— 
61-0 % for oestradiol-17«, 30-0—66-0 % for oestrone, 
30-8-76-0% for oestriol and 41-3-59-5% for 16- 
eproestriol. An example of this type of experiment 
carried out with oestrone is given in Table 1. This 
and similar experiments with the other four 
steroids are summarized in Fig. 1. 

As found by Brown (1952a, 6), there was an 
optimum concentration of sulphuric acid for each 
compound. Less of the first-stage yellow colour 
was converted into pink when the acid concentra- 
tion in the second stage was too high. This effect is 
shown for oestrone by the data in Table 1 and 
Fig. 2. When the second-stage sulphuric acid con- 
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centration was 57-7%, which corresponds to that 
used by Brown (1955), the conversion of yellow 
colour into pink was incomplete, giving an ab- 
sorption curve which indicates a distinct ‘inhibition 
type IT’ of Bauld (1954). At a concentration of 
66%, ic. when reheating in the second stage was 
carried out without previous dilution of the reaction 
mixture with water, the inhibition resulted in an 
absorption curve with two peaks: the first, near 
510 mp, resembled the pink Kober colour and a 
second, near 565 mp, was due to the residual first- 
stage yellow colour. When the _ second-stage 
sulphuric acid concentration was 31%, i.e. far 
below the optimum, there was a complete conversion 
of yellow into pink, as indicated by the reading at 
465 mp (Table 1) and by the single absorption 
maximum at 515mp. But the pink colour was 
unstable and faded (cf. Brown, 19526; Bauld, 
1954). For the optimum compromise between 
‘inhibition type II’ and ‘fading’ the following con- 
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Fig. 2. Spectral characteristics of the colour produced 
from 5yg. of oestrone as influenced by different sulphuric 
acid concentrations in the second stage of the Kober 
reaction. Concentrations of sulphuric acid: A, 30-:9% 
(fading); @, 43-4% (optimum acid concentration); O, 
57-7% (moderate inhibition, type II); A, 66-:0% (heavy 
inhibition, type II). For further experimental details see 
Table 1. 
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centrations were obtained: 48 % for oestradiol-17, 
45 % for oestradiol-17«, 43 % for oestrone and 50% 
for oestriol and 16-epioestriol. Under these condi- 
tions the absorption maxima of the final pink 
colour were 518 my for oestradiol-178, 521 my for 
oestradiol-17x, 515 my for oestrone and 514 my 
for oestriol and 16-epioestriol. The specific ex- 
tinction coefficients (H}%,,) of the colour produced 
by each of the compounds may be seen from 
Table 3. 
Influence of heating time in the 
second stage of the reaction 


Heating times in the second stage were varied 
between 0 and 30 min. after the first stage of the 
reaction had been carried out with 5 yg. each of the 
five compounds as described above. Sulphuric acid 
concentrations of the second stage were optimum. 
Some results are given in Fig. 3. The colour pro- 
duction of oestradiol-17x, oestrone and 16-epi- 
oestriol exhibits a definite dependence upon the 
heating time, the optima being 6 min. for oestra- 
diol-17x and oestrone and 5 min. for 16-epioestriol. 
With oestradiol-178 there is a less sharp but 
distinct peak at 10 min. The intensity of the colour 
complex produced by oestriol showed a more 


0-45 
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Heating time in second stage (min.) 
Fig. 3. Corrected extinctions (E,,,,,.) of the colour produced 


from 5yg. amounts of oestradiol-17f, oestradiol-17«, 
oestrone, oestriol and 16-epioestriol as influenced by 
different heating times in the second stage of the Kober 
reaction. Sulphuric acid concentrations in the second stage 
were optimum. For symbols and further experimental 
details see Fig. 1. 
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delayed increase up to 12 min. and was stable on 


continued heating without formation of a peak. 


Influence of sulphuric acid concentration 
in the first stage of the reaction 


A series of colour reagents with sulphuric acid 
concentrations of 50-96 % were heated with 10 pg. 
each of the oestrogens for 20 min. in the first stage. 
In the second stage the sulphuric acid concentra- 
tions and the heating times were optimum for each 
oestrogen. The final volumes of the reaction 
mixtures were 3-2 ml. for oestradiol-17, oestradiol- 
17x and 16-epioestriol, 3-5 ml. for oestrone and 
4 ml. for oestriol. In Fig. 4 the corrected extinc- 
tions of the colour produced by the five oestrogens 
are plotted against the sulphuric acid concentra- 
tion of the various Kober reagents used in the first 
stage. For each of the compounds there is an 
optimum sulphuric acid concentration and the 
shape of the curves is characteristic. There was a 
tendency for the absorption maxima to shift to 
lower wavelengths with increasing sulphuric acid 
concentration. With oestrone and oestriol, for 
example, the range of the maxima was 508 
520 mp and 508-515 my respectively. With oestra- 
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Conen. of H,SO, in first stage (%, v/v) 
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Fig. 4. Corrected extinctions (Z,,,,.) of the colour produced 
from 10yg. amounts of oestradiol-17B, oestradiol-17:, 
oestrone, oestriol and 16-epioestriol as influenced by 
different sulphuric acid concentrations in the first stage of 
the Kober reaction. Sulphuric acid concentrations and 
heating times in the second stage were optimum. The final 
volumes of the reaction mixtures were as follows: oestra- 
diol-17B, oestradiol-17z and 16-epioestriol, 3-2 ml.; 
oestrone, 3-5 ml.; oestriol, 4-0 ml. For symbols and further 
experimental details see Fig. 1. 
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diol-178, the range was 512-520myp, the lower 
value occurring at an acid concentration of 76%. 
When the acid concentration was above 76%, 
oestradiol-178 did not produce any pink colour, 
and only small amounts of first-stage yellow colour 
were formed, the absorption maxima of which 
were between 460 and 470 my (combined inhibition 
types I and II of Bauld, 1954). However, for 
reasons of comparability, the extinctions of the 
reaction mixtures of one steroid have been measured 
at the same wavelength and the corrected ex- 
tinctions have been calculated by applying the 
same correction formula. The optimum sulphuric 
acid concentrations for the first stage as concluded 
from these experiments are: 66% for oestrone, 
oestradiol-17« and 16-epioestriol, 76% for oestriol 
and 55% for oestradiol-178. The optima for 
oestrone and oestriol confirm the data reported by 
Brown (19524, b, 1955) and Bauld (1954), whereas 
the optimum for oestradiol-178 is somewhat lower 
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Heating time in first stage (min.) 


Fig. 5. Corrected extinctions (Z,,,;,) of the colour produced 
from 10pg. amounts of oestradiol-178, oestradiol-17«, 
oestrone, oestriol and 16-epioestriol as influenced by 
different heating times in the first stage of the Kober 
reaction. Sulphuric acid concentrations in the first stage 
and heating times in the second stage were optimum. 
Final volumes of the reaction mixtures were as given in 
Fig. 4. Sulphuric acid concentrations (%) in the second 
stage were (optimum concentrations in parentheses): 
oestradiol-17f, 46-4 (49-8); oestrone, 40-5 (43-4); oestriol, 
49-4 (52-2). Final acid concentrations of oestradiol-17« and 
16-epioestriol were optimum (see Fig. 1). For the remain- 
ing experimental details and symbols see Fig. 1. 
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than that of these authors (60%). This may be due 


to the higher resolving power of the spectrophoto- 
meter used in this study. 


Influence of heating time in the 
jirst stage of the reaction 

Heating times of the first stage were varied 
stepwise between 0 and 50min. with 1l0yzg. 
amounts of the steroids and colour reagents con- 
taining the optimum concentration of sulphuric 
acid. The first-stage fluorescence colour was 
converted into pink under optimum conditions in 
the second stage. The final volumes of the reaction 
mixtures were the same as those in the previous 
section. As shown in Fig. 5, similar effects of 
heating time were found with oestradiol-178, 
oestrone, oestriol and 16-epioestriol: the colour 
intensity increased for the first 20 min. of heating 
and was practically stable on further heating. The 
rate of increase was greatest with oestrone and 
lowest with oestriol. Oestradiol-17« behaves very 
differently from the others. Without any heating in 
the first stage, it produced about 90 % of the Kober 
colour that is obtainable under optimum conditions ; 
the yellow fluorescent complex is visible after 
standing for a few minutes with the reagent at room 
temperature. The intensity of the pink colour is 
greatest after heating for 4 min. in the first stage 
but is less with continued heating. 


Stability of colours 

Coloured mixtures obtained under optimum 
conditions from the crystalline oestrogens and their 
methyl ethers and from urinary fractions obtained 
according to Brown (1955) were kept in the dark at 
room temperature. The extinctions (read after 6, 
12 and 24hr.) showed a slight tendency to de- 
crease, but F,,,, values were stable to within 
+3%. Crystalline oestradiol-17« (5ug.) gave a 
pink colour stable to within +1% after standing 
for 10 days. 


Influence of ultraviolet light on the conversion 
of the first-stage yellow colour into pink 

In Fig. 6 the wavelength/absorption curves of 
the colours obtained from 5 pg. amounts of oestra- 
diol-178, oestrone and oestriol after the first stage 
of the Kober reaction are shown. These indicate 
that transformation of the initially formed yellow 
colour into pink is already started during heating 
in the first stage, and the second stage of the 
reaction deals only with the completion of the 
conversion of residual yellow colour. The spectral 
characteristics of the first-stage colour given in 
Fig. 6 indicate that the proportion of residual 
yellow is greatest in the colour mixture produced 
from oestriol, whereas the oestradiol-178 mixture 
contains only a small amount of yellow. The 
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colour mixture formed by oestrone is composed of 
about equal parts of yellow and pink. 

In the experiments described in Table 2 the 
coloured complexes formed in the first stage of the 
Kober reaction were subjected to ultraviolet irradi- 
ation which was found to induce the conversion of 
the yellow into the pink colours. The colour of 
oestriol was the most influenced by irradiation, as 
shown by an increase of the E,,,, value by 79%; 
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Fig. 6. Spectral characteristics of the colour complex 
produced from 5yug. amounts of oestradiol-17f, oestrone 
and oestriol in the first stage of the Kober reaction. For 
experimental details of the colour reaction see Table 3. 
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Readings were taken immediately after dilution of the : : : 
reaction mixtures with water without heating in the second but no modification of the colour-correction 
stage. Symbols are as identified in Fig. 1. formulae. 
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oestrone is less affected, the increase being 36%, 
The oestradiol-178 colour mixture had very little 
of the residual yellow colour and showed only a 6 % 
increase in the pink colour. 


Properties of the reaction under optimum conditions 


The present study resulted in a modified Kober | 
reaction, the details of which are summarized in 
Table 3 for each of the five phenolic steroids in- 
vestigated. As shown in Fig. 7, the corrected 
extinctions obey Beer’s law closely in the range 
2-10 pg. The tolerances which may be allowed in 
reaction conditions vary somewhat between the 
individual steroids and are to be deduced from 
Fig. 1 and Figs. 4 and 5. 

This method has been in constant use in this 
laboratory for a period of more than 2 years and 
has always given reproducible results in the hands 
of five different workers. It has been applied to the 
routine clinical determination of urinary oestrogens 
by Brown’s (1955) method (cf. Breuer, Nocke & 
Bayer, 1958) as well as to the estimation of several 
oestrogen metabolites in extracts from incubations 
of a variety of human and animal tissues 7n vitro 
(cf. Breuer & Nocke, 1958; for more detailed 
references see Breuer, 1959, 19606). The colour 
reaction for 16-epioestriol has been incorporated 
into a method for measuring 16-epioestriol as both 
the methyl ether and the acetone derivative 
(Nocke, 1961). Fifteen different batches of Merck 
sulphuric acid have been used during this time. 
The corrected extinctions per unit weight of 
crystalline steroids obtained with the same batch 
of colour reagent remained constant for several | 
months provided that the precautions outlined 
above were observed. The wavelength of maximal 
absorption of the colour produced by the individual | 
compounds was constant with different batches of 
colour reagents, whereas corrected extinction 
coefficients varied slightly from batch to batch. 
Therefore the preparation of new reagents neces- 
sitates the construction of new calibration curves, 











Table 2. Production of pink colour from oestradiol-17B, oestrone and oestriol as influenced 
by ultraviolet irradiation after the first stage of the Kober reaction 


Kober reactions were performed in duplicates with 5yg. amounts of free oestrogens. Water was added as 
described in Table 3. The second heating was replaced (a) by allowing the mixtures to stand in the dark at room 
temperature for 30 min. and (b) by exposing them in 10 mm. quartz-glass cells to the H, lamp of a Beckman DU 
spectrophotometer for 30 min. from a distance of 25 cm. Readings were taken against similarly treated reagent | 
blanks at the wavelength specified in Table 3. E,.,, = 2H, -(H,+ 3). 





Percentage 

(a) Control expt. (b) U.v.-irradiation expt. increase of 

— — A ~ r A - . Ecorr, after 

Steroid E, E, E; Ra Ez, E, E; Big, irradiation 
Oestradiol-178 0-080 0-185 0-007 0-283 0-080 0-194 0-010 0-298 6 
Oestrone 0-142 0-208 0-018 0-256 0-149 0-257 0-018 0-347 36 
Oestriol 0-115 0-129 0-018 0-125 0-127 0-186 0-021 0-224 79 
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Table 3. Optimum reaction conditions, results and intensities of the colour production from oestradiol-178, oestradiol-17«, 


78 


oestrone, oestriol and 16-epioestriol in the modified Kober reaction 
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He — (Ey 
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For preparation of colour reagents, colour reaction and measurement of extinctions see the Materials and Methods section. Egor. 
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. Number of estimations are given in parentheses. 


N-1 





/S(% - x)? 


~ al 


Standard deviations were calculated according to: s.D. 


Kober reaction 
— 





Second stage 


First stage 


Wavelengths 


ane es 


A 





(my) 


COTO 
EB, 
Ey, (Armax ) 


Final 
Conen. of 


11% 
“lcm. 
1520 


Egorr,|10 wg. -+8.D. 


Ey 
556 
556 


556 


time 
(min.) 


Heating 


H,S0, 


(%» v/v) 


Water 
added 
(ml.) 


time 


(min.) 


Heating 


of H,SO, 


(%: v/v) 


Concn. 


Kober 
reagent 
(ml.) 


Steroid 
Oestradiol-178 


Oestradiol-17« 


0-677 +0-007 (15) 


480 
486 
474 
472 
472 


48-1 10 


0-4 


20 


1. 
uw 


2-8 


790 
1840 
1200 
1550 


0-838+0-011 (15) 


1-0 
1-1 
1-1 
0-8 


66 
66 


AN 


a 


0-872+0-010 (12) 


43-4 


20 
20 


Oestrone 
Oestriol 


0-563 -+0-010 (14) 


14 


49-8 


0-735 40-013 (17) 


556 


514 


49-5 


66 


16-epiOestriol 


When the method of Brown (1955) is used, the 
optimum reaction conditions as developed for free 
oestrogens may be adopted for the colorimetric 
measurement of the methylated oestrogens, but the 
absorption maxima of oestrogen methyl ethers 
occur at longer wavelengths (cf. Table 4) and this 
must be allowed for in the Allen (1950) correction. 


Reliability in the presence of urinary contaminants 


The specificity of the Kober reaction has been 
well established by Kober (1931) and Marlow 
(1950). 

As shown in Tables 2 and 4 for 10 pg. amounts of 
the free compounds or the methyl ethers, the 
standard deviations within replicate estimates 
were between 0-6 and 1:8% (mean 1:3%). With 
5g. amounts (cf. Table 5) the mean standard 
deviation is 1-7%, with a range 1-1—-2-2 %. 

Urinary samples from oophorectomized patients 
with mammary cancer were processed according to 
the method of Brown (1955) including the modi- 
fication of Brown, Bulbrook & Greenwood (1957). 
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Fig. 7. Calibration curves for oestradiol-178, oestradiol- 
17a, oestrone, oestriol and 16-epioestriol in the modified 
Kober reaction. All reaction conditions were optimum. 
Values given are founded on duplicate estimations. Final 
volume of all reaction mixtures was 3-2 ml. For symbols 
and calculation of corrected extinctions (Z,,,,,.) see Fig. 1. 
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Table 4. Results and intensities of the colour production from the methyl ethers of oestradiol-17 8, 
oestrone, oestriol and 16-epioestriol in the modified Kober reaction 


Reaction conditions for the methyl ethers are those which are optimum for the corresponding free oestrogens 
as shown in Table 3. 
Wavelengths (mp) 
cence ae 





re - seg. PP 
Methyl ether E, E, E; E corr, 10 wg. -8.D. Ot 
3-Methoxyoestradiol-178 488 522 556 0-584 + 0-003 (9) 1390 
3-Methoxyoestrone 482 519 556 0-729 +0-012 (11) 1660 
3-Methoxyoestriol 478 517 556 0-540 +0-006 (9) 1250 
(9) 


3-Methoxy-16-epioestriol 478 517 556 0-680 + 0-009 


1530 








Table 5. Precision of estimation and recovery in the presence of urinary fractions 


Kober reactions were performed under optimum conditions. For experimental details see Tables 3 and 4. 
Number of estimations are given in parentheses. ; : 
Crystalline compounds added to 
urinary fractions* 











Crystalline compounds r “ ~— —~ 

Percentage recovery 
Ecorr,|5 pg. +8-D. Ecore.|5 wg. +8-D.F Ba 100-48 

Steroid mi” om (B) Fhe cnet 

Oestradiol-178 0-339 +0-004 (15) 0-312+0-010 (14) 92-4+43-0 
Oestrone 0-436 +.0-005 (12) 0-410 +.0-016 (7) 94:0+3-6 
Oestriol 0-282 +.0-005 (14) 0-266 +.0-008 (15) 94-6+3-0 
3-Methoxyoestradiol-178 0-284 +.0-006 (7) 0-263 +0-007 (7) 92-8+2:: 
3-Methoxyoestrone 0-383 + 0-006 (5) 0-372 +0-009 (9) 97-142-3 
3-Methoxyoestriol 0-267 +0-006 (7) 0-255 +0-008 (7) 95-6+3-1 


* Urines from oophorectomized patients with mammary cancer were processed according to Brown (1955), including 
the modification of Brown et al. (1957). Steriods were added to the appropriate column fractions before evaporation of 
the solvents. Different urines of two patients were used for the free oestrogens. Portions of pooled urine samples from 
one patient were used for the methyl ethers. 

{ Data are corrected for endogenous blank values. 


Amounts (5yg.) of oestradiol-178, oestrone and minor exception, exactly those described by 
oestriol and their methyl ethers were added to the Brown (1955). The important point for complete 
resulting column fractions before evaporation of conversion of yellow into pink, however, is the finai 
solvents. The results of the colour reactions carried sulphuric acid concentration in the second stage. 
out on these fractions in comparison with those of Concentrations considerably lower than _ those 
pure crystalline standards obtained with the same reported by Brown (1955) were found to be 
batch of Kober reagent are presented in Table 5. optimum in this investigation, the differences 
The precision of the method when applied to being 8-1 % for oestradiol-17f, 13-3% for oestrone 
urinary fractions with the 5 ng. amount is indicated and 7-2% for oestriol. Data have been published 
by @ mean standard deviation of +3-1% (range indicating that conversion of yellow into pink is 
+2-4-3-9%) from the mean E£,,,, value, thus accelerated by lowering the second-stage acid 
being somewhat less favourable than for pure concentration (Brown, 1952a,b; Bauld, 1954) and 
crystalline standards. The percentage recoveries of by exposing the reaction mixtures to sunlight, 
the added steroids were between 92-4 and 97-1%. and that when both these conditions are in excess 
Borth (1957) has defined the sensitivity of a a tendency to fading of the pink occurs (Bauld, 
method as the smallest amount which can be 1954). It was proved in this study that decreasing 
distinguished from zero with 95% significance by the second-stage acid concentration favours the 
a single determination. The standard deviations conversion of yellow into pink and that a concen- 
shown in Table 5 indicate that the sensitivity ofthe tration beyond the optimum causes fading of the 
method at the 5g. amount is about 0-2 yg. for the . final pink colour. Furthermore, it was shown that 
pure compounds and about 0-3 ug. in the presence colour transformation is aided to a marked extent 


of the urinary fractions. by ultraviolet light. The percentage increase of the 
colour intensity (cf. Table 2) fits well with the 
DISCUSSION spectral characteristics of the colour mixtures 


formed by the three steroids in the first stage of the 

The optimum reaction conditions for oestradiol- reaction. Apparently, acid concentrations which 
178, oestrone and oestriol in the first stage of the are optimum when the second stage of the reaction 
Kober reaction found in this study were, with a is performed under artificial light may cause 
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fading of the pink colour when the reaction is per- 
formed in direct sunlight. Therefore the colour 
reaction should be performed under standardized 
illumination. The final Kober colour, once formed 
under optimum conditions and protected from 
bright light, is stable even in urinary fractions for 
at least 24 hr. 

The conversion of yellow into pink is assumed to 
be an oxidation step (Brown, 19526; Bauld, 1954). 
Failure to reproduce colour formation with different 
types of sulphuric acid led Bauld (1954) to add 
trace amounts of oxidizing agents (sodium nitrate, 
1 mg./100 ml., and quinone, 2 mg./100 ml.) to the 
colour reagents. From this point of view it is of 
interest to compare the limits of trace impurities 
as given by the manufacturers of the two types of 
sulphuric acid in question here (cf. Table 6). It 
would appear from the Table that there are con- 
siderable differences in the purity of the two acids. 
The most striking difference is in the figure for 
nitrate, which is 100 times as high in Merck acid, 
i.e. more than twice the amount added by Bauld 
(1954) to his ‘modified reagent’. This probably 
explains the fact that the colour intensities were 
not improved by adding oxidizing agents, as 
recommended by Bauld (1954), to Kober reagents 
prepared with Merck acid. Under these conditions 
the greatly enhanced oxidation power, while 
causing a rapid colour conversion, also caused a 
rapid fading of the pink colour as reflected by an 
E or, Value of less than 0-100 obtained from 10 yg. 
of oestradiol-17. 

Diczfalusy et al. (1958) have presented evidence 
suggesting that certain methylated urinary oestriol 
fractions obtained according to Brown et al. (1957) 
contain contaminants which diminish the final 
colour of added crystalline oestriol methyl ether 
considerably. In this study the behaviour of both 
the free compounds and their methyl] ethers in the 
presence of urinary fractions was investigated with 


Table 6. Limits of trace impurities in two different 
types of analytical reagent-grade sulphuric acids 
Supplier 
jana ae acai ae 
British Drug 
Houses Ltd. Merck 


10° x Conen. of impurity (%) 


\ 





Contaminant —oo fo EF 
Non-volatile matter 2500 500 
Chloride (Cl) 200 60 
Nitrate (NOs) 20 2000 
Selenium (Se) 1000 300 
Heavy metals (as Pb) 200 500 
Lead (Pb) Not stated 250 
Tron (Fe) 100 100 
Ammonium (NH,) 500 300 
Arsenic (As) 10 3 
Oxygen absorbed (O) 150 200 
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the modified Kober reaction. It was shown that 
there are in fact small losses of Kober chromo- 
genicity although in no case were these of the 
magnitude reported by Diczfalusy et al. (1958). 
Losses are reproducible in a very narrow range and 
do not affect the reliability of the Kober reaction 
when used in connexion with the Brown method. 
However, the Kober reaction when combined with 
insufficient purification procedures yields un- 
reliable results. 

Marlow (1950) has compared the Kober chromo- 
genicity of several phenolic steroids and reported 
Ey max, Values for oestriol and 16-epioestriol 
representing 42 and 45% of the corresponding 
values found in this study. Although working 
under non-optimum conditions he found that 16- 
epioestriol was more chromogenic than oestriol by 
about 39%. The corresponding difference in the 
present data is 27%. Marrian & Bauld (1955), 
using the oestriol reagent (76% sulphuric acid) of 
Bauld (1954), have found that 16-epioestriol is 
about 13% more chromogenic than oestriol. 
Furthermore, it was shown by these authors that 
with the oestriol reagent maximum colour was 
developed by 16-epioestriol after a much shorter 
heating time in the first stage than by oestriol. The 
present data confirm that the pink colour is 
developed more readily by 16-epioestriol than by 
oestriol, as indicated by the optimum acid concen- 
tration of 66% instead of 76% in the first stage 
(Fig. 4) and a more rapid development of colour in 
both the first (Fig. 5) and the second (Fig. 3) stages. 
These data fit well with the hypothesis of Brown 
(19526) and Bauld (1954) that the first stage of the 
Kober reaction with oestriol involves a dehydra- 
tion to oestrone which is more readily undergone 
by the cis-glycol configuration than by the trans- 
glycol configuration. Oestrone itself produces the 
most intense Kober colour of all phenolic steroids 
so far investigated. Further evidence is given 
(W. Nocke, unpublished work) by the behaviour of 
the other naturally occurring cis-glycolic com- 
pound, i.e. 17-epioestriol (cf. Breuer, 1960a; 
Nocke & Breuer, 1960; Nocke, Breuer & Knuppen, 
1961). 

The behaviour shown by oestradiol-17« in the 
Kober reaction is strikingly different from that of 
its 17f-epimer or of the other oestrogens. It 
undergoes the first stage of the reaction at room 
temperature within a few minutes and it very 
readily gives an intense Kober colour, which is 
particularly susceptible to variation in the reaction 
conditions. 


SUMMARY 
1. The influence of various reaction conditions 


on the colour production by five naturally occurring 
oestrogens in the Kober reaction was studied. 
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2. Optimum conditions for the formation of the 
yellow colour from oestradiol-178, oestrone and 
oestriol were almost identical with those of Brown 
(1955), whereas those for the conversion of yellow 
into pink differed considerably. The differences are 
most likely due to the different commercial types 
of sulphuric acid used in the two methods. 

3. Transformation of yellow colour into the 
pink colour is aided by (a) decreasing the sulphuric 
acid concentration, (b) increasing the heating time, 
(c) the presence of oxidizing agents and (d) ultra- 
violet light. Excess of these influences results in 
fading of the final pink colour. 

4, The pink-colour complex once formed under 
optimum conditions from both pure crystalline 
compounds and urinary fractions is stable for at 
least 24 hr. in the absence of bright light. 

5. Urinary contaminants reduce the chromo- 
genicity of phenolic steroids. The effects are small 
and reproducible in a very narrow range when the 
colour reaction is used in connexion with the Brown 
purification procedure. 
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its Mono-, Di- and Tri-Phosphates in Animal Tissues 
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Some methods hitherto used for the determina- 
tion of thiamine and its phosphoric acid esters in 
animal tissues only allow a distinction between 
free and phosphorylated thiamine (by using thio- 
chrome methods before and after enzymic diges- 
tion) (see Association of Vitamin Chemists, 1951), 
or measurement of cocarboxylase activity (Westen- 


brink & Steyn-Parvé, 1949; Kaziro, 1957), dis- 
played by thiamine diphosphate alone. 

Paper chromatography (Spadoni & Tecce, 1950; 
Rossi-Fanelli, Siliprandi & Fasella, 1952; Kiessling 
& Lindahl, 1953; Bartley, 1954; Bernabei & 
Wildemann, 1959) and paper ionophoresis (Gurtner, 
1957) have been widely employed, but usually only 
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for qualitative assays. On the basis of previous 
work (de Giuseppe & Rindi, 1958), where we 
r2ported the analytical conditions for the separa- 
tion and determination of thiamine and its phos- 
phorie esters in pure solutions by using a strong 
anionic resin, we developed a method for the 
quantitative assay of these compounds in animal 
tissues. This method is described here. 


MATERIAL AND METHODS 


Abbreviations. The following are used: TMP, thiamine 
monophosphate; TDP, thiamine diphosphate; TTP, 
thiamine triphosphate. 

Adsorbent charcoal. This was prepared as described by 
Siliprandi & Siliprandi (1954) by suspending 10 g. of an 
activated charcoal (3 SL, produced by Italian C.E.C.A., 
Milan) in a solution containing 1 g. of cholesteryl stearate 
(British Drug Houses Ltd.) in 300 ml. of ethyl ether plus 
300 ml. of ethanol, and continuously stirring for 48 hr. at 
room temperature. 

After addition of a large excess of water, the charcoal 
was filtered off through a Biichner funnel and thoroughly 
washed with water. It was dried in the air and stored in an 
amber-coloured bottle. 

Dowex-1 resin (X8; acetate form). This was prepared, 
from a batch of Dowex-l1 (X8; 200-400 mesh) (British 
Drug Houses Ltd.), as indicated by de Giuseppe & Rindi 
(1958) and was stored. in 0-5m-acetic acid. Before use it 
was thoroughly washed with water. 

Amberlite IRC-50 resin. The resin (British Drug Houses 
Ltd.) was buffered at pH 4:5, according to the method of 
Vannatta & Harris (1959). 

Cellulose powder. Whatman, ash-free, cellulose powder 
was washed with 50% (v/v) ethanol, filtered off in a 
Biichner funnel, thoroughly rinsed with water and dried. 

Columns. All the chromatographic columns were made 
from Pyrex-glass tubes, fitted with a sintered-glass disk, 
and fused to a ground-glass stopcock. Suitable separatory 
funnels could be attached to the tubes by means of ground- 
glass joints. 

Flow rate. During all analytical steps (adsorption, 
washing, elution), the flow rate was 10-15 drops/min. 

Preparation of the charcoal columns. A portion (1-2 ml.) of 
a 10% cellulose suspension in water was placed on the 
sintered-glass disk of a suitable column. A homogeneous 
mixture of charcoal and cellulose powder (1:5) was pre- 
pared and suspended in water. The suspension was placed 
on the settled cellulose layer by means of a wide-mouthed 
pipette, whose tip was kept below the water surface. The 
charcoal was allowed to sediment completely, by opening 


the column stopcock, without eliminating all the water. 


Finally 1 ml. of cellulose suspension in water was placed on 
the charcoal column after thorough cleaning of the walls by 
means of a glass rod wadded with cotton. 

Determination of thiamine. The Bessey, Lowry & Davis 
(1952) procedure, which theoretically could have the 
advantage of avoiding enzyme hydrolysis of the phosphoric 
esters, was tested, but the thiochrome method (Associa- 
tion of Vitamin Chemists, 1951) was finally used since it 
gave much more constant results. Since it involves extrac- 
tion of the thiochrome with isobutanol, the thiamine phos- 
phoric esters were hydrolysed by an acid phosphatase 
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before the determination. All the results are expressed as 
thiamine chloride hydrochloride. 

Phosphatase solution. This was prepared, just before use, 
by suspending 1 g. of Taka-diastase (Parke, Davis and Co. 
Ltd.) in 10 ml. of 2M-acetate buffer, pH 4-5. Similar results 
have been obtained by dissolving 0-1 g. of freeze-dried acid 
phosphatase, prepared from human prostate according to 
Vescia & Testi (1958) with minor modifications, in 10 ml. of 
2m-acetate buffer, pH 5-2. 

Apparatus. Beckman DU model G. 4700 spectrophoto- 
meter equipped with fluorimetric accessories was used. 


RESULTS 
Preliminary experiments 

In all the experiments described here the direct 
method for determining thiamine without purifica- 
tion on Decalso (Association of Vitamin Chemists, 
1951) was used. 

A series of comparative tests carried out on the 
same trichloroacetic acid extract of rat tissues, 
before and after treatment with cholesteryl 
stearate-treated charcoal, gave almost the same 
results both with extract in the unpurified state 
and after passage through an Amberlite IRC-50 
column, buffered at pH 4-5, according to the 
method of Vannatta & Harris (1959). In contrast, 
the use of Decalso led to losses of thiamine up to 
50%. The choice of trichloroacetic acid for the 
extraction was made after comparing the depro- 
teinizing and thiamine-extracting action of various 
solutions (0-5m-perchloric acid; 5% trichloro- 
acetic acid; 0-1N-hydrochloric acid) on rat liver. 
Both 5% trichloroacetic acid and 0-5m-perchloric 
acid had the same extractive power, but the 
former was preferred, since less protein [estimated 
by the quantity of Folin—Ciocalteu-positive 
material (method of Lowry, Rosebrough, Farr & 
Randall, 1951)] was found in the deproteinized 
extract. A preliminary purification to remove 
trichloroacetic acid, salts and the other substances 
from the extract was necessary for an efficient 
separation of thiamine and its phosphates on the 
Dowex column. Siliprandi & Siliprandi (1954) used 
adsorption on cholesteryl stearate-treated charcoal, 
followed by elution with 50% ethanol, in order to 
desalt pure solutions of thiamine phosphates, and 
obtained excellent recoveries. The same procedure 
used for rat-tissue extracts gave thiamine re- 
coveries not exceeding 85%. 

In an attempt to improve the recoveries, other 
water-miscible solvents at different concentrations 
(between 10 and 80%) were tested. Among 
methanol, ethanol, acetone and propan-l-ol, the 
best recoveries of extracted and adsorbed thiamine 
were obtained with 10% propan-1-ol. This solvent 
is also easily eliminated under vacuum. The 
stability of thiamine phosphates in trichloroacetic 
acid was also studied. Solutions of TMP, TDP and 
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TTP in 5% trichloroacetic acid, containing 3— 
0-6 ug. of total thiamine/ml., showed almost no 
splitting of the esters after 5 hr. at 23°. 

The use of two Dowex-1 columns for the tissue 
extract was not as reliable as for pure solution (de 
Giuseppe & Rindi, 1958). Therefore only one 
column of Dowex-1 (X8; acetate form) was used; 
thus TDP and TTP were retained, whereas 
thiamine and TMP passed down together in the 
eluate. It was possible to determine thiamine 
directly by extraction into isobutanol and TMP 
after phosphatase action, because (Westenbrink & 
Steyn-Parvé, 1949) thiochrome phosphates are not 
soluble in isobutanol, but thiochrome itself is. The 
difference between total thiamine (after phos- 
phatase) and free thiamine corresponds to TMP. 
TDP was eluted with 0-02m-sodium acetate in 
0-04m-acetic acid solution, and TTP by m-acetate 
buffer, pH 4:5. The eluates were incubated with 
phosphatase for the determination of total thi- 
amine. For TDP, the determination could be made 
on the incubation medium, but this was not 
possible for TTP, because high blanks were ob- 
tained. The thiamine liberated from the TTP 
fraction by enzymic digestion was adsorbed on 
Amberlite IRC-50 resin, buffered at pH 4-5, and 
eluted with n-hydrochloric acid. Sufficient purifica- 
tion was achieved so that the blank interference 
was eliminated. 

All the extracts were acidified with 0-1N- 
hydrochloric acid before their chromatography on 
Dowex-1, in order to convert the thiamine and its 
compounds into hydrochlorides. Unless this was 
done poor recoveries were obtained. 


Recommended procedure 


Principle. The tissue was extracted and deproteinized by 
homogenization in trichloroacetic acid. The extract, 
brought to pH 6-7-6-8, was adsorbed on a charcoal column 
and eluted with 10% (v/v) propan-l-ol. The vacuum- 
concentrated eluate was applied to a column of Dowex-1 
(X8; acetate form), which retained TDP and TTP and 
allowed thiamine and TMP to flow through. The thiamine 
and TMP content of the percolated fluid and the combined 
water washings were determined. TDP was eluted from the 
Dowex column with 0-02M-sodium acetate in 0-04M-acetic 
acid, and TTP by m-acetate buffer, pH 4-5. TDP and TTP 
were determined in the eluates. 

Extraction. The rapidly excised tissue was placed in cold 
5% (v/v) trichloroacetic acid, then weighed and homo- 
genized in 2-5 vol. of the extracting fluid with a MSE 
homogenizer. After centrifuging (3500g) at 0° for 5 min., 
the supernatant fluid was separated and stored at 0°. The 
residue was again homogenized in 1 vol. of 5% trichloro- 
acetic acid and centrifuged. The combined supernatant 
fluids were neutralized (pH 6-7-6-8) with 40% (w/v) 


NaOH. The amount of tissue to be used, which varies with 
the total thiamine content, is approximately (g.): brain, 13; 
heart, 5; kidney, 9; liver, 6. 

Adsorption on charcoal and elution. The neutralized 
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extract was passed through a layer composed of a mixture 
of charcoal (300 mg.) and cellulose powder (1-5 g.), placed 
in a chromatographic column (11 mm.x111mm.) as 
above described. The column was washed with 20-25 ml. of 
water. 

The thiamine compounds were eluted with 60-70 ml. of 
10% (v/v) propan-l-ol (Merck, for chromatography) and 
collected in a round-bottom 500 ml. flask. 

Concentration of eluate. The propanol eluate was concen- 
trated to about 5ml. in a rotating evaporator (Rinco) 
under vacuum, on a water bath at 25-30°, the pressure 
being reduced gradually to avoid bumping. Concentration 
takes about 20 min. The flask was then accurately washed 
and the volume brought to 15 ml. with water. 

Chromatography on Dowex-1. After addition of 0-8 ml. of 
0-1N-HCl, the concentrated eluate was passed through a 
layer (8 mm. x 25mm.) of Dowex-l (X8; acetate form; 
200-400 mesh) placed in a chromatographic glass column 
(8 mm. x 80-90 mm.). The resin was then washed with 
water, and both eluate and washing were collected in the 
same 25 ml. volumetric flask, up to the mark, with thorough 
mixing. Then 0-5 ml. of 2M-acetate buffer was added to 
12-5 ml. of this solution in an Erlenmeyer flask (fraction I), 
and 0-5 ml. of phosphatase solution was added to the 
remaining 12-5 ml. (fraction II). About 20 ml. of 0-02m- 
sodium acetate in 0-04M-acetic acid was put on the column. 
Phosphatase solution (1 ml.) was added to the eluate 
(fraction III), which contained only TDP, in a 20 ml. 
volumetric flask, the volume being adjusted to the mark 
with water if necessary. Finally, TTP was eluted from the 
resin with about 19 ml. of M-acetate buffer, pH 4-5. The 
eluate (fraction IV) was treated as indicated for TDP. 
After thorough mixing, all four fractions were incubated 
overnight at 37°. Fraction IV, diluted with 20 ml. of 
water, was then passed through a bed (8 mm. x 40 mm.) of 
buffered (pH 4-5) Amberlite IRC-50 resin in a glass column 
(8 mm. x 80 mm.). The resin was washed with 15 ml. of 
water and eluted with 20 ml. of N-HCl; the eluate was 
collected in a 20 ml. volumetric flask and the volume was 
adjusted to the mark (fraction IV A). 

Determination of thiamine. The following volumes (ml.) 
of the fractions were placed in duplicate in two centrifuge 
tubes (21 mm.x150mm.) provided with ground-glass 
stoppers: I, 5; IT, 5; III, 1; IV A, 5. All the volumes were 
adjusted to 5ml. with water. A portion (5 ml.) of an 
aqueous thiamine solution (containing 0-2 yg./ml.) was 
treated in the same way and served as the standard. Solid 
potassium chloride (1-25 g.) was placed in each tube, which 
was then shaken until the solid dissolved. 

Both oxidation with ferricyanide and extraction with 
isobutanol (15 ml.) were accomplished according to 
Association of Vitamin Chemists (1951). For the fluori- 
metric measurements, the instrument was set with a 
quinine sulphate solution (0-3 ug./ml.) in 0-1N-H,SO,. 

The fluorimetric readings were corrected for the blanks 
[without oxidation, see Association of Vitamin Chemists 
(1951)] of fractions I, II, III and IV A, and of the standard. 
Thiamine is expressed as thiamine chloride hydrochloride, 
and TMP, TDP and TTP as the compounds themselves. 

Recovery of thiamine in the method. The reliability of the 
method is illustrated by Table 1, which reports the results, 
expressed as thiamine, of several determinations made on 
rat tissues, together with recoveries of the various analytical 
steps. 


L/S 





Tal 
est 
me 


are 
pu 
act 
for 
sal 
po 
am 
thi 
sid 
tot 
we 
wil 









1961] 


ixture 
placed 
1.) as 
ml. of 


ml. of 
r) and 


mncen- 
<inco) 
essure 
ration 
ashed 


ml. of 
ugh a 
form; 
ylumn 

with 
in the 
rough 
ed to 
on I), 
o the 
+02 M- 
lumn. 
eluate 
20 ml. 
mark 
m the 
. The 
TDP. 
bated 
al. of 
m.) of 
yumn 
nl. of 
2 was 
e was 


(ml.) 
rifuge 
-glass 
; were 
of an 
) was 
Solid 
which 


with 
g to 
luori- 
ith a 


Jlanks 
mists 
dard. 
oride, 
[ves. 

of the 
sults, 
de on 
ytical 












DETERMINATION OF THIAMINE ESTERS 


Table 1. Recovery of thiamine compounds (expressed as thiamine) 


from rat tissues during all the analytical steps 


Values given are means+s.E. For details see text. A, Crude trichloroacetic extract; B, charcoal-purified 
trichloroacetic extract; TMP, TDP, TTP, the single fractions after Dowex chromatography; C, thiamine + 


TMP +TDP+TTP. 


Thiamine content (yg./g. of fresh tissue) in fraction 
aoe Ae 





No. of —— — 

Rat tissue determinations A B 
Brain 5 2-60 +0-09 2:40+0-11 
Heart 4 7-28+0-°14 6°83 40-28 
Kidney 5 4-11+0-01 3°88 +0-03 
Liver 6 7-25+0°17 6:72+0°14 

TDP TTP 
Brain 5 2-08 +0-13 0-13 40-02 
Heart 4 6-10 +0-39 0-40+0-02 
Kidney 5 2-87 +0-08 0-19+0-01 
Liver 6 5-40 +0-20 0-62 +0-09 


BIA (% 
92:1+41-13 
93-9 4 2-24 
94-24-1-15 
92-70-80 


C 
2-62+0-11 
7-00 40°39 
3-72 +0-02 
6-92+0-17 


Thiamine 
0-11+0-01 
0-15+0-02 
0:25+0-01 
0-24 +0-02 
C/A (% 
100-6 + 1-33 
96-1+3-54 
90-3+0-19 
95-4+ 1-06 


TMP 

0-29+0-01 
0-35 +0-02 
0-39 +0-07 
0-65 + 0-03 


Table 2. Thiamine and thiamine mono-, di- and tri-phosphate content of some rat tissues 


Values are expressed as pg. of each compound/g. wet wt. of tissue. The values given are means+s.E. The 
numbers in parentheses are the number of determinations. The percentages show the thiamine content of each 
fraction as a percentage of the total thiamine of the tissue. 


Brain (5) 





Heart (5) 


= eS en RF 
(ug-/g-) (%) (ug-/8-) (%) 
Thiamine 0-11-+0-08 4:-4+0-20 0-16+0-02 2:3+0°35 
TMP 0-30 +0-09 11-5+0-25 0-41+0-05 5-9+0-91 
TDP 2-61+0-15 78-9+1-18 7-44+.0-44 86-0+1-06 
tLe 0-19 +0-03 5-0+0-19 0-57 +0-04 5-6+0-48 
Kidney (7) Liver (6) 
(ug-/g-) (%) (48-/8-) (% 
Thiamine 0-22 +0-02 6-2 +0-45 0-24+0-01 3-5+0-15 
TMP 0-35 +.0-06 9-8 + 1-42 0-66 +0-01 9-4+0-43 
TDP 3-47 +0-13 78-6+ 1-62 6-81 +0-44 77-9+1-28 
a 0-27 +0-01 5:2+0-24 0-92+0-13 9-0+1-48 
Thiamine and thiamine phosphate content of rat tissues. contain the suitable amount of total thiamine. 


Table 2 gives the contents of thiamine and its phosphoric 
esters of some rat tissues, as determined with the present 
method. 
DISCUSSION 

The difficulty encountered in determining the 
content of the various thiamine phosphoric esters 
in tissues depends on their very low concentration 
in comparison with the quantity of other sub- 
stances, particularly nucleotides and salts, which 
are simultaneously extracted. This necessitates 
purification of the extract. The use of partially de- 
activated charcoal, as indicated, is extremely useful 
for this purpose, because it allows complete de- 
salting, with minimum loss of the thiamine com- 
pounds. Considering the small quantity of thi- 
amine compounds carried through the procedure, 
the average final recovery of 95:4% can be con- 
sidered satisfactory. With skeletal muscle, whose 
total thiamine content is very low (1-1-6 yg./g.), 
we made several determinations of thiamine esters, 
with a large weight of tissue (20-30 g.) sufficient to 





Final recoveries (80—85 %) were always low because 
of the large amounts of interfering substances which 
could not be completely removed by the analytical 
procedure. Hence we did not consider the present 
method satisfactory for skeletal muscle. Duplicate 
determinations agreed within approximately 3%. 
The method described improves on various pro- 
cedures used up to the present, which only partially 
satisfy the requirements of any determination of 
thiamine phosphoric esters. The method makes it 
possible to determine the TMP and TTP content of 
the tissues. The time needed to perform the whole 
process is about 12 hr. (excluding the phosphatase 
incubation period overnight). The results obtained 
with our method, as regards the total thiamine and 
TDP content of the various tissues, agree with 
most of those reported for rat organs in the liter- 
ature. For example, the total thiamine values 
collected by Dreyfus (1959) are (yg./g.): brain, 
2-2-6-0; heart, 1-7-4; kidney, 3-5—11; liver, 2-8—14; 
whereas we found respectively 2-6; 7:2; 4:1; 7-2. 
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(1941) reported (yg./g.): brain, 3-0; heart, 6-0; 
kidney, 5-5; liver, 7-0-13-0; and Boffi, Bucci & 
Lucarelli (1958) for the same tissues: 2-8; 6-6; 4-9; 
6-7. In all our determinations, small amounts of 
TMP and TTP were always found in animal tissues 
along with thiamine and TDP. Their biochemical 
significance has still to be discovered. TTP was 
found in liver by Rossi-Fanelli et al. (1952) and in 
liver, kidney and brain by Greiling & Kiesow 
(1958). Our observations showed its presence in 
heart too, but the richest organ analysed was the 
liver (0-84 pg./g.), followed by the heart (0-59 yg./ 
g.), kidney (0-27 yg./g.) and brain (0-19 yg./g.). The 
most abundant thiamine compound in rat tissue is 
TDP, which represents an average of about 80% 
of the total thiamine present. 


SUMMARY 


1. A new analytical procedure for the determi- 
nation of thiamine and its mono-, di- and tri- 
phosphoric esters in rat tissue is described. 

2. The method allows a mean thiamine recovery 
of 95%, and good reproducibility. 

3. In all the rat tissues studied, thiamine di- 
phosphate was the most abundant thiamine phos- 
phoric ester, but small amounts of thiamine tri- 
and mono-phosphate were also found. 
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The Distribution of Free mesoInositol in Mammalian Tissues, 
Including some Observations on the Lactating Rat 
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Since Woolley (1940) first demonstrated that 
mesoinositol was an essential dietary factor for the 
growth of the mouse, there have been several 
studies on the distribution of total tissue inositol 
(e.g. Taylor, Pollack & Williams, 1942) and lipid 
inositol (e.g. Taylor & McKibbin, 1953) in mammals. 
Surprisingly little attention appears to have been 
paid to the distribution of free inositol in the tissues, 
although Woolley (1942) found that 60% of the 
inositol present in the normal mouse carcass was in 
the free form, and Platt & Glock (1943) obtained 


* Investigator, Howard Hughes Medical Institute. 


similar results with the rat. Meyer (1946) isolated 
free crystalline inositol from commercial desiccated 
thyroid powder, and more recently Kojima & 
Kusakabe (1954) have obtained it from the brain 
and kidneys of the pig. Mann (1954) has isolated 
large amounts of inositol from the seminal vesicular 
secretion of the boar. 

The present paper presents results of assays for 
free mesoinositol in the tissues of the rat, guinea 
pig and rabbit by using the specific microbiological- 
assay procedure of Campling & Nixon (1954), 
which can estimate free inositol in the presence of 
esterified inositol. It shows that the concentration 
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of free inositol varies considerably from organ to 
organ, the highest being found in the pituitary 
and thyroid glands. However, in all the tissues its 
concentration is appreciably higher than the 
corresponding value for the plasma, which indicates 
that there is a concentration gradient for free 
inositol between cellular and extracellular fluids. 
In the rat mammary gland the concentration of 
free inositol was found to be much higher when the 
animal was lactating. Because of the possible im- 
portance of inositol in reproduction and lactation 
(Hamilton & Hogan, 1944; Schweigert, 1948), the 
present studies were extended to include an in- 
vestigation of the free inositol present in the 
mammary gland and certain other tissues of the 
rat at various times before parturition and during 
lactation. 


EXPERIMENTAL 


Animals and preparation of tissue extracts. The rats used 
were male and female adult Sprague-Dawley descendants 
(Charles River Breeding Laboratories, Brookline, Mass.) 
fed ad lib. on a diet of Purina chow pellets (inositol content 
0-065% free, 0:114% total). They were either killed by a 
blow on the head or deeply anaesthetized with ether. The 
abdomen was quickly opened, a blood sample taken from 
the abdominal aorta, and the tissues were dissected, 
weighed on a torsion balance and immediately frozen on 
solid CO,. Guinea pigs were anaesthetized with ether and 
rabbits killed by air embolism or cervical dislocation. 
Tissues from all animals were removed within 5-10 min. 
after induction of anaesthesia or death of the animals. 
Tissues were excised in random sequence to minimize 
systematic error due to catabolism of esterified inositol. 

Four methods of protein precipitation were tried. 
Trichloroacetic acid followed by ether extraction of the 
aqueous extract was satisfactory except when the inositol 
content of the tissue was low. This necessitated using more 
tissue extract, and a precipitate often developed on auto- 
claving with the yeast growth medium. A similar trouble 
occurred on heat denaturation at pH 5, and protein 
removal with acid ZnSO,-NaOH sometimes gave irregular 
growth when inositol standards were used. A satisfactory 
procedure appeared to be HClO, precipitation followed by 
the removal of perchlorate ions as KCI10,. 

The tissue (0-6 g. or less) was homogenized in a Potter- 
Elvehjem homogenizer with 12 ml. of ice-cold 5% per- 
chloric acid solution, and 1 ml. samples of plasma or blood 
were treated directly with 11 ml. of 5% HClO,. After 
5 min. the suspension was centrifuged, and the clear or 
slightly turbid supernatant filtered through a retentive 


- paper (Whatman no. 42). A 7 ml. sample of the filtrate was 


added to a stoppered graduated centrifuge tube, and 5y- 
KOH (approx. 1-4 ml.) added until the pH was about 5 to 
indicator paper. The volume was made up to 10 ml., and 
the tube cooled in ice for 30 min. and then centrifuged in the 
cold to remove the precipitated KC10,. 

Inositol assay. Inositol was determined in an appro- 
priate volume of the HClO, extract by the method of 
Campling & Nixon (1954). The Kloeckera brevis yeast used 
(National Collection of Yeast Cultures, no. 328) shows a 
highly specific response for free inositol (Hartree, 1957), 
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and its growth is not influenced by the presence of choline 
(Lovern & Olley, 1953). The growth medium in later 
experiments was buffered by the addition of 10% of its 
volume of 0-2M-sodium acetate—acetic acid buffer, pH 5-2. 
After growth for 3 days at 25° with shaking once daily, the 
turbidities were read in a Hilger and Watts Spekker photo- 
electric absorptiometer with a Kodak no. 8 dark-red filter, 
or a Unicam or Beckman DU spectrophotometer at 660 my. 
All estimations were performed in duplicate and these 
usually agreed within about 5%. Standard curves (0-5— 
5 pg. of inositol) were set up for each set of estimations and 
were virtually straight lines passing through the origin. 
Above 5yg. of inositol a flattening of the dose-response 
curve was observed. Therefore all specimens were appro- 
priately diluted for analysis. There was no evidence that 
any of the tissue extracts possessed a toxic factor which 
inhibited the yeast growth: indeed, low dilutions of the 
extracts tended to give slightly lower recoveries of inositol 
(10%). This might be due to adsorption of inositol on the 
glass or possibly some factor which enhances yeast growth 
in the tissue extracts. 

Chromatographic identification of free inositol in thyroid. 
The thyroid glands from two guinea pigs were homogenized 
in 20 ml. of 60% ethanol. The suspension was centrifuged 
and the supernatant was shaken with 60 ml. of chloroform. 
The emulsion was centrifuged and the upper aqueous layer 
was shaken with 3 vol. of butan-2-ol. The lower layer which 
separated was used for chromatography. Samples of 
0-1 ml. were chromatographed on paper in the solvents: 
ethanol-aq. NH; soln. (sp.gr. 0-880)—water (6:3:1, by vol.) 
and propan-2-ol-acetic acid—water (3:1:1, by vol.). 

Inositol was detected by the acetone-AgNO, and eth- 
anolic NaOH reagents described by Trevelyan, Procter & 
Harrison (1950). By using various quantities of pure 
inositol as markers, a rough quantitative measure of the 
amount of inositol present in the tissue could be obtained 
by visual comparison of the spots. 


RESULTS 


Free inositol in the tissues of the normal rat. In 
Table 1 are presented the concentrations of free 
inositol in a number of tissues of the adult rat. The 
organs were taken from the carcass in differing 
orders for each animal but no evidence was ob- 
tained that the concentration of inositol changed 
significantly in the immediate post-mortem period. 
This agrees with similar results that were ob- 
tained for thyroid tissue where the gland was either 
frozen immediately after removal or 4 min. after- 
wards (Freinkel, Dawson, Ingbar & White, 1959). 

The highest concentrations of free inositol were 
found in the thyroid and pituitary glands, although 
appreciable concentrations were also found in 
the kidney cortex and the reproductive organs. 
In the thyroid and pituitary glands the presence of 
large amounts of free inositol was confirmed by 
paper chromatography of aqueous-ethanol ex- 
tracts, which yielded inositol spots of approxi- 
mately the size and density expected from the 
values obtained by yeast bioassay. The mean con- 
centrations of free inositol in liver, heart and kidney 
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are considerably below those found by Platt & 
Glock (1943), who used a chemical method of 
estimation which is likely to be relatively non- 
specific compared with the microbiological assay, 
In the pituitary gland more than 90% of the free 
inositol is selectively located in the anterior portion, 
although the minute amounts of posterior pituitary 
which were available for analysis made the values 
obtained only very approximate. In additional 
experiments rat thyroid and pituitary glands were 
homogenized in the sucrose medium of Hecht, 
Stephenson & Zamecnik (1959). After centrifuging 
at 77 000-105 000g for 1 hr. at 4° the free inositol 
was found to be exclusively located in the super- 
natant fraction. The amounts of inositol recovered 
were equivalent to those found after perchloric acid 
extraction of glands. 

The mean concentration of free inositol in rat 
plasma was more than twice that found in man 
(Sonne & Sobotka, 1947; Campling & Nixon, 1954; 
Freinkel et al. 1959), but nevertheless in every 
organ the concentration of free inositol was appreci- 
ably above that in the plasma. Mean tissue—plasma 
gradients were as high as 106 and 84 for the 
thyroid and pituitary respectively. From the 
values obtained for whole blood it can be deduced 
that no appreciable concentration gradient of free 
inositol exists between the cellular components of 
the blood and the plasma, which is similar to the 
conclusions reached by Campling & Nixon (1954) 
for human blood. 

Free inositol in the tissues of the lactating rat. It 
was clear from initial analyses that during lactation 
the concentration of inositol in the rat mammary 
gland was appreciably higher than normal. The 
investigation was therefore extended to include 
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Table 1. 
Values are given as mg. of inositol/100 g. of tissue or 100 ml. of plasma and blood. 
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Fig. 1. Inositol levels in the mammary glands (@) and 
livers (O) of female adult rats ante partum and post partum. 
A shows the range of values in non-pregnant animals. 
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analyses of the mammary glands and other tissues 
of rats at various times during the immediate ante 
partum and post partum periods. In these animals 
the mammary glands were found on dissection to 
be clearly defined anatomical structures, in contrast 
to the ill-defined avascular rudimentary glands of 
non-pregnant animals. 

Fig. 1 shows that the inositol content of the 
mammary gland increases markedly in the post 
partum period, corresponding to the onset of 
lactation. No similar increase was seen either in the 
liver or kidney cortex of these animals; in fact in 
the latter there was a small but significant fall in 
the inositol concentration from 74 mg./100 g. ante 
partum to 52 mg./100 g. post partum (P = 0-01). 
Plasma levels remained more or less in the normal 
range in all the animals except in three which were 
killed 3 days post partum, in which the inositol 
concentrations were about half the normal value 
(0-36, 0-62, 0-38 mg./100 ml. of plasma). 

Free inositol in tissues of the guinea pig and rabbit. 
Table 1 shows the distribution of free inositol in the 
tissues of the guinea pig and rabbit. In both species 
the concentrations of free inositol in the tissues 
appear to be in general higher than those in the rat 
with the exception of rabbit plasma and guinea-pig 
liver. This difference is especially marked in the 
adrenal gland where the inositol content is about 
ten times as high in the guinea pig as in the rat. 
Similarly, the ovary, testes, salivary gland and 
spleen inositol concentrations are many times the 
equivalent ones found in the rat. 

The thyroid gland, as in the rat, contained ino- 
sitol in very high concentrations, although in the 
rabbit the mean level was surpassed by that of the 
pituitary. Again the thyroid—plasma concentra- 
tion gradients were very high, the mean gradients 
amounting to 295 in the rabbit and 195 in the 
guinea pig. The high concentration of inositol in the 
rabbit cerebral cortex must be viewed with reserva- 
tions, owing to the presence in nervous tissue of 
enzymes which rapidly liberate free inositol from 
the inositol-containing phospholipids (Sloane- 
Stanley, 1953; Rodnight, 1956). 


DISCUSSION 


The high concentrations of free inositol which 


- occur in mammalian tissues, especially in the endo- 


crine glands, was a rather unexpected finding of the 
present survey. In the thyroid and pituitary glands, 
for example, it must exist as one of the major 
water-soluble metabolites of the tissue and 
account for a very considerable part of the dry 
weight of the glands (1-2% in guinea pig and 
rabbit). 

The method of assay used for free inositol relies 
on the premises that no acid-labile precursor of 
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inositol is broken down during the perchloric acid 
protein precipitation and that the K. brevis yeast 
used in the assay only grows in response to free 
inositol. The correctness of these assumptions has 
been demonstrated at least for the thyroid gland by 
experiments in which (1) the gland was merely 
homogenized in neutral sucrose media, and normal 
levels of free inositol were obtained on bioassay, and 
(2) the gland was extracted with aqueous 60% 
ethanol, and free inositol was observed on paper 
chromatography of the extracts in amounts 
equivalent to those found by bioassay. 

It is apparent that a very considerable concen- 
tration gradient of free inositol exists between the 
tissues and plasma. In the rat thyroid and 
pituitary, for example, the average concentration of 
inositol in the glands is more than 80 times that in 
the plasma, and even higher concentration gradients 
are found with these glands in the rabbit and 
guinea pig. In the rat it has been shown that the 
inositol in the thyroid and pituitary is present in 
the cytoplasmic supernatant fraction obtained on 
centrifuging sucrose homogenates. This means that 
a considerable permeability barrier to intracellular 
free inositol must exist in the cell walls. 

The high concentration of inositol in tissue cells 
compared with the plasma can be contrasted with 
the hexoses, e.g. glucose or fructose, for which a 
concentration gradient between tissues and plasma 
has never been demonstrated. Recently, however, 
accumulation of soluble carbohydrate derivatives 
has been observed in certain bacteria (Rickenberg, 
Cohen, Buttin & Monod, 1956). 

The high concentrations of inositol in the tissues 
raises the question of whether they are attained by 
active transport from the plasma or by synthesis 
within the tissue. Recent experiments with germ- 
free rats have demonstrated unequivocally that 
rat and mouse tissues can form radioactive inositol 
from [!4C]glucose (N. Freinkel & R. M. C. Dawson, 
unpublished work). However, when tritium- 
labelled inositol was injected intravenously into 
rats, a rapid accumulation of the labelled inositol 
was observed in certain of the tissues, e.g. liver and 
kidney. This indicates that transport of inositol 
from the plasma into the tissues can occur against 
a large concentration gradient and suggests that 
part at least of the tissue inositol is of dietary 
origin. Once inside the tissues the metabolism of 
the inositol can vary markedly, being, for example, 
high in the liver and kidney and low in the thyroid 
and pituitary (R. M. C. Dawson & N. Freinkel, 
unpublished work). 

The marked increase of free inositol in the 
mammary gland during lactation presumably 
represents an accumulation from the plasma, so 
that the gland can secrete the comparatively large 
amounts of free inositol found in milk (Nixon, 
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1953). The increase cannot be accounted for merely 
by the presence of non-secreted milk within the 
gland. Both Climenko & McChesney: (1942) and 
Bowland, Ensminger & Cunha (1948) have re- 
ported a beneficial effect of inositol on the lactation 
of the albino rat. The significance of the drop in the 
maternal plasma concentration of inositol im- 
mediately following parturition is unknown. It 
cannot be accounted for by the increase in plasma 
volume which occurs in the lactating rat as this 
takes place at a later period post partum (Bond, 
1948, 1958). Although feeding experiments have 
not demonstrated the importance of dietary ino- 
sitol in the reproduction of the rat (Ershoff & 
McWilliams, 1943), Schweigert (1948) has found 
that, with hamsters on an inositol-deficient diet, 
females tended to die during parturition and many 
of the young were born dead or failed to survive. It 
is possible therefore that parturition is accom- 
panied by an abnormal requirement for inositol on 
the part of the mother. It is well known that the 
inositol concentration in foetal blood and fluids is 
very high compared with those of the mother 
(Campling & Nixon, 1954), but no evidence has 
been obtained that this represents active placental 
transport. 

The physiological significance of the high con- 
centrations of inositol in tissues is at the moment 
obscure. Although it is by no means easy to 
demonstrate its effect on the growth rate of animals 
(see, for example, Fenton, Cowgill, Stone & 
Justice, 1950), there is little doubt that it is a vital 
factor for the growth of isolated tissue cells in 
culture (Eagle, Oyama, Levy & Freeman, 1957). 
At the same time it can be fairly rapidly meta- 
bolized by certain tissues, presumably through the 
glucuronic acid pathway (Charalampous, 1959; 
Eisenberg, Dayton & Burns, 1959). 

The present results suggest that there is a 
tendency for high inositol levels to occur in organs 
which are secretory, and in this connexion Hokin & 
Hokin (1958), Hokin, Hokin, Saffran, Schally & 
Zimmermann (1958) and Freinkel (1957) have 
found that the synthesis of inositol phospholipids 
increases markedly during the secretory activity of 
endocrine and exocrine glands. 


SUMMARY 


1. The free inositol contents of the tissues of the 
rat, guinea pig and rabbit have been measured by 
a microbiological-assay method. 

2. The highest concentrations were found in the 
thyroid and pituitary glands of all species. In 


homogenates of these glands in the rat, the inositol 
was exclusively located in the cytoplasmic fraction 
obtained by centrifuging. 

3. In the organs of all species the concentration 
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of free inositol was much higher than that found 
in the plasma. 

4. The free inositol content of the rat mammary 
gland increases markedly during lactation. The 
concentration in the blood plasma and kidney falls 
slightly after parturition, but that in the liver does 
not change. 
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Carbon Assimilation by Pseudomonas oxalaticus (OX1) 
5. PURIFICATION AND PROPERTIES OF GLYOXYLIC DEHYDROGENASE* 


By J. R. QUAYLE anp G. A. TAYLOR 
Medical Research Council, Cell Metabolism Research Unit, Department of Biochemistry, 
University of Oxford 


(Received 10 October 1960) 


An enzyme, glyoxylic dehydrogenase, which 
catalyses a coenzyme A (CoA)- and triphospho- 
pyridine nucleotide (TPN)-dependent oxidation of 
glyoxylate to oxalate 


CoA 
CHO + TPN+ +H,O —— CO, +TPNH +2H+ 
| 
CO, 


| (1) 
CO,” 


was discovered in extracts of oxalate-grown 
Pseudomonas oxalaticus by Quayle, Keech & 
Taylor (1960, 1961). The enzyme was partially 
purified and some of its properties were studied. 
It was suggested that oxalyl-coenzyme A was an 
intermediate in the reaction 


H S*CoA 
(0 +CoA-SH = H—¢_OH (2) 
G0, CO,H 
S-CoA 0 
n_¢_on +TPNt+ = b s-0oA +TPNH +H*+ (3) 
bon bog 
0 


| 
C—S:CoA+H,0 — CO,H +CoA*SH (4) 


| 
CO,H CO,H 


and that reactions (2) and (3) were reversible. 

Evidence was presented which indicated that the 
reversal of glyoxylic dehydrogenase, i.e. the re- 
ductive synthesis of glyoxylate from oxalyl- 
coenzyme A, occupies a key role in microbial 
synthesis of cell constituents from oxalate. The 
enzyme is under adaptive control, being synthe- 
sized by P. oxalaticus during growth on oxalate, but 
is absent during growth on other substrates. 

This paper records a purification of the enzyme 
obtained from P. owxalaticus, with procedures of 
ammonium sulphate precipitation, gel absorption 
and ion-exchange chromatography, and an examin- 
ation of its properties. 


* Part 4: Quayle, Keech & Taylor (1961). 


MATERIALS AND METHODS 


Special chemicals. Coenzyme A (75% pure) was obtained 
from Pabst Laboratories, Milwaukee, Wis., U.S.A., TPN 
from C. F. Boehringer und Séhne, Mannheim, Germany, 
and sodium glyoxylate (95% pure) was a gift from Dr I. 
Zelitch. 

Growth of the organisms. P. oxalaticus was grown in 
liquid culture (10 1. batches) in a growth medium consisting 
of sodium oxalate and mineral salts, harvested by centri- 
fuging and stored at — 15°. The experimental details have 
been reported by Quayle & Keech (1960). Pseudomonas 
OD1, obtained from the National Collection of Industrial 
Bacteria (Culture no. 8735), was grown on malate and 
oxalate as described by Jayasuriya (1955). 


Purification of glyoxylic dehydrogenase 


Step 1: preparation of bacterial extract. Frozen bacteria 
(32 g., wet wt.) were crushed in a Hughes (1951) press at 
—25° and then mixed with 250ml. of 0-03Mm-sodium 
phosphate—potassium phosphate buffer (pH 7-6) at 2 
containing approx. 2 mg. each of crystalline ribonuclease 
and deoxyribonuclease (L. Light and Co. Ltd., Colnbrook, 
Bucks.). The resulting extract was centrifuged at 16 000g 
for 20 min. and the solid residue discarded. All subsequent 
operations were performed at 2°. 

Step 2: treatment with protamine sulphate. To the super- 
natant solution (210 ml.) was added, with stirring, 135 mg. 
of protamine sulphate. The curdy precipitate was centri- 
fuged down and discarded. 

Step 3: ammonium sulphate precipitation and dialysis. 
Ammonium sulphate (62-5 g.) was added with stirring to 
the supernatant solution (205 ml.) to give 40% saturation. 
The precipitated protein was separated by centrifuging and 
dissolved in 0:03M-sodium pyrophosphate buffer (pH 8-5) 
to a final volume of 10-6 ml. The supernatant solution 
(220 ml.) was brought to 60% saturation by the addition of 
ammonium sulphate and the precipitated protein was dis- 
solved in pyrophosphate buffer to a final volume of 9-2 ml. 
Finally, the ammonium sulphate concentration in the 
resulting supernatant solution (235 ml.) was increased to 
80% and the precipitated protein was dissolved to a 
volume of 7:6 ml. in pyrophosphate buffer. The pH was 
maintained at 7-0-7-2 throughout the precipitation pro- 
cedure by occasional addition of 0-1N-NaOH. The protein 
fraction precipitating between 40 and 60% saturation was 
dialysed for 1-5 hr. against 3 1. of 0-03M-sodium pyrophos- 
phate buffer (pH 7-8). This solution (11-7 ml.) was stored 
overnight at — 15°. 


39-2 
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Step 4: alumina Cy-gel adsorption. The dialysed fraction 
was diluted to 114 ml. with water and the enzyme ad- 
sorbed on to Cy-gel by treatment with 0-34 vol. of gel 
(30-6 mg./ml.). The gel was separated by centrifuging and 
the adsorbed enzyme was eluted in four successive extrac- 
tions with 30 ml. of 0-01M-sodium phosphate—potassium 
phosphate buffer (pH 7-5). The four eluates were combined, 
giving a total volume of 113 ml. 

Step 5: concentration of enzyme by ammonium sulphate 
precipitation, followed by dialysis. To the combined eluates 
ammonium sulphate was added to 80% saturation. The 
precipitated protein was separated by centrifuging and 
dissolved to a final volume of 9-6 ml. in 3 mm-2-amino-2- 
hydroxymethylpropane-1:3-diol (tris) buffer (pH 7-3). The 
solution was dialysed against 31. of the same buffer for 2 hr. 

Step 6: ion-exchange chromatography. A slurry of 5 g. of 
diethylaminoethylcellulose (DEAE-cellulose, Whatman 
DE50) in 3 mm-tris buffer (pH 7-3) was poured into a 
chromatographic column (2°5 cm. x 25cm.) and this was 
washed with 11. of the same buffer. The dialysed extract 
was diluted with an equal volume of water and was applied 
to the column, which was subsequently washed with 
200 ml. of the same buffer. The enzyme is not eluted under 
these conditions. The column was then eluted with a solu- 
tion of tris buffer—potassium chloride in which the potas- 
sium chloride formed a gradient of increasing concentration. 





© 

3 20 2 
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Fig. 1. Elution of glyoxylic dehydrogenase from DEAE- 
cellulose column. For conditions, see text. O, Glyoxylic- 
dehydrogenase activity (units/ml.); @, glyoxylic-dehydro- 
genase specific activity (units/mg. of protein). 
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This was formed by drawing the column eluent from 600 ml, 
of 3 mm-tris buffer (pH 7-3) connected by siphon tube to 
600 ml. of M-potassium chloride. The levels of solution in 
both flasks dropped at the same rate throughout. The flask 
containing the tris buffer was stirred continuously, 
Fractions of eluate (approx. 6-5 ml.) were collected auto. 
matically, at a flow rate of 40-50 ml./hr. Under these con- 
ditions the glyoxylic dehydrogenase was eluted mainly in 
fractions 49-54 (Fig. 1). These were combined and the 











j 


eee mmm 


resulting solution (41 ml.) was stored as separate 2 ml. | 


samples at — 15°. 
A summary of the purification procedure is given in 
Table 1. 


Assay of glyoxylic-dehydrogenase activity 


The enzyme was assayed in a Cary recording spectro- 
photometer by measuring the rate of TPN reduction in the 
following reaction mixture, at 25°. The complete system, 
in a 1-5ml. silica cell (light-path, 1 cm.), consisted of 
27pmoles of sodium pyrophosphate buffer (pH 8:6), 
2-5umoles of cysteine, 5umoles of sodium glyoxylate, 
0-2 umole of CoA, 0-2 umole of TPN, enzyme extract and 
water to 1 ml. CoA and TPN were omitted from the blank 
cell. The reaction was started by addition of the TPN and 


the rate of its reduction was measured as AV at 340 mp | 


over 3 min. The initial rate was proportional to the amount 
of enzyme used. Cysteine was included in the reaction 
mixture as its presence enhanced the linearity of the rate of 
TPN reduction with time at the higher reaction rates. Cne 
unit of enzyme activity is defined as the amount of enzyme 
which catalyses the reduction of 1 pmole of TPN in 1 min. 
under the conditions of assay. Specific activity is expressed 
as units/mg. of protein. 

Protein determination. Protein was estimated by the 
method of Folin & Ciocalteu (1927). 


RESULTS 


Stability and pH optimum. The activity of 
glyoxylic dehydrogenase rapidly diminishes in 
crude cell-free extracts and losses of up to 70% of 





Table 1. Purification of glyoxylic dehydrogenase 


For experimental details see the Materials and Methods section. 


Vol. 
Step (ml.) 
1 Supernatant obtained from crude extract after 210 
centrifuging 
2 Supernatant obtained after removal of protamine 205 
sulphate precipitate by centrifuging 
3 Fraction precipitated by ammonium sulphate 9-2 
(40-60 %) 
4 Combined eluates obtained from Cy-gel 121 
adsorption, after dialysis 
5 Precipitation of protein by ammonium sulphate 9-6 
(80%) followed by dialysis of dissolved 
precipitate 
6 Pooled selected fractions after column 41 


chromatography 


Specific 
Conen. of activity 
protein (units/mg. Total Yield 

Units/ml. (mg./ml.) of protein) units (%) 
1-87 6-4 0-29 395 100 
1-93 6-3 0-30 395 100 
40-5 66 0-61 373 94 
2-28 1-37 1-7 273 69 
15-1 11 1-4 145 37 
1-0 0-24 4-2* 41 10 


* The peak of activity was 7-2. 
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the activity have been observed in 6 hr. at 0° (Quayle 
et al. 1961). Considerable losses of enzyme activity 
at various stages of purification were commonly 
encountered, but these were kept to a minimum by 
carrying out the initial purification procedures as 
quickly as possible. Purification resulted in much 
greater stability (Table 2). 

The pH optimum for oxidation of glyoxylate by 
the partially purified enzyme is 8-6 (Quayle et al. 
1961) and this figure is not altered on further 
purification of the enzyme. 

Absence of interfering enzymes. The glyoxylic de- 
hydrogenase was free of any detectable reduced 
pyridine nucleotide-oxidase activity, pyridine 
nucleotide-linked glyoxylic acid-reductase or gly- 
collic acid-dehydrogenase activities, or of glyoxylic 
acid-carboligase activity (Krakow, Hayashi & 
Barkulis, 1959). 

Substrate specificity. Glyoxylic dehydrogenase is 
specific for glyoxylate: no activity was observed 
with formaldehyde, acetaldehyde, glycolaldehyde, 
pyruvate, oxaloacetate, «-oxoglutarate or hydroxy- 
pyruvate. The enzyme is specific for TPN; no 
activity was observed with DPN. The requirement 
for CoA cannot be met with other thiol-containing 
compounds such as cysteine, glutathione, thio- 
ethanolamine or pantetheine. 

Activators. No metal-ion requirement by the 
enzyme has been found. Its activity is not altered 
by the presence of 5 mm-ethylenediaminetetra- 
acetate in the complete reaction system. 

Inhibitors. No inhibition of the enzyme activity 
was observed when the following compounds were 
added to the standard assay system at a final con- 
centration of 1 mm: furmaldehyde, glyoxal, acet- 
aldehyde, glycolaldehyde, pyruvate, oxaloacetate, 
a-oxoglutarate, glycollate, hydroxypyruvate, gly- 
cerate, 3-phosphoglycerate, malate. 

It had previously been noted (Quayle et al. 1961) 
that the reaction catalysed by glyoxylic dehydro- 
genase was markedly inhibited if tris buffer was 
used in place of pyrophosphate buffer. This effect 
has also been observed with the purified enzyme 


Table 2. Stability of glyoxylic dehydrogenase in 
pooled fractions from diethylaminoethylcellulose 
column 


Results are expressed as percentages of the initial 
activity of the enzyme. 


Enzyme 

Time of activity 
Temp. standing (%) 
- 15° 3 weeks 100 
0 5 hr. 100 
24 hr. 48 
25 5 hr. 45 

24 hr. 1-5 
51-52 2 min. 0 
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and it is found that the extent of the inhibition 
increases with time of preincubation of the enzyme 
in tris buffer (0-03M, pH 8-6) at room temperature. 

Kinetic properties. The effect of varying the con- 
centration of glyoxylate, TPN and CoA, singly, on 
the initial rate of reduction of TPN catalysed by 
glyoxylic dehydrogenase was studied. In each 
case the relationship followed that predicted by the 
Michaelis—Menten equation. Plots of the reciprocal 
of the reaction velocity against the reciprocal of 
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Reciprocal of reaction 
velocity(moles/min.) 
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0 5 


10-3 x Reciprocal of glyoxylate concn. (moles/I.) 


Fig. 2. Lineweaver—Burk plot of the effect of glyoxylate 
concentration on the initial rate of TPN reduction in the 
presence of constant amounts of TPN and CoA, catalysed 
by glyoxylic dehydrogenase. The complete system, con- 
tained in a 1 ml. quartz cell, consisted of 21 moles of 
sodium pyrophosphate buffer (pH 8-6), 3-5umoles of 
cysteine, 0-8 umole of CoA, 0-8 umole of TPN, 0-1 ml. of 
enzyme, glyoxylate and water to 1 ml. The blank cell 
lacked CoA and TPN. Reaction was started by addition 
of TPN. 





Reciprocal of reaction 
velocity (umoles/min.) 





0 10 20 30 40 50 60 
10-3 x Reciprocal of TPN concn. (moles/I.) 


Fig. 3. Lineweaver-Burk plot of the effect of TPN 
concentration on the initial rate of TPN reduction in the 
presence of constant amounts of glyoxylate and CoA, 
catalysed by glyoxylic dehydrogenase. Experimental 
conditions were as described under Fig. 2 except that 
2 umoles of glyoxylate were present in the reaction system. 
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the substrate concentration (Lineweaver & Burk, 
1934) are shown in Figs. 2 and 3. The K,,, values at 
pH 8-6 and 25° for glyoxylate and TPN are 
5-7 x 10-*m and 3-4 x 10-°o respectively. 

Under conditions in which the enzyme, gly- 
oxylate and TPN were in excess, while CoA was 
limiting, it was observed that the rate of TPN 
reduction showed little diminution even after the 
reduction of five equivalents of TPN for each 
equivalent of CoA initially present. Such behaviour 
was also found with the partially purified enzyme 
(Quayle et al. 1961). It was suggested that this was 
due to an enzymic or chemical hydrolysis of 
oxalyl-CoA as in equation (4). This question has 
not been clarified in the present study. Acetyl- 
CoA is stable in 30mm-pyrophosphate buffer 
(pH 8-6) in the presence of the glyoxylic dehydro- 
genase, as judged by its extinction at 232 muy. 
Hence, the postulated breakdown of oxalyl-CoA 
must be due either to its much greater instability, 
compared with acetyl-CoA, or to an enzymic break- 
down, such as the action of a deacylase which was 
not removed by the enzyme-purification procedure 
and which does not attack acetyl-CoA. Chemical 
instability of oxalyl-CoA at pH 8-6 would not be 
unexpected in view of the well-known lability of 
oxalic esters, e.g. the methyl and ethyl oxygen 
esters are hydrolysed in cold water without addi- 
tion of alkali. Although a linear Lineweaver—Burk 
plot was obtained when the concentration of CoA 
was varied in the presence of excess amounts of 
TPN and glyoxylate (Fig. 4), the significance of the 
K,, so obtained (1:8x10-*m) will depend on 
whether the breakdown of oxalyl-CoA is enzymic 
or not. If it is enzymic, then this K,,, will vary with 
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Fig. 4. Lineweaver—Burk plot of the effect of CoA concen- 
tration on the initial rate of TPN reduction in the presence 
of constant amounts of glyoxylate and TPN, catalysed by 
glyoxylic dehydrogenase. Experimental conditions. were as 
described under Fig. 2 except that 2 umoles of glyoxylate 
were present in the reaction system. 
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the relative proportions of the deacylase- and 
glyoxylic-dehydrogenase enzymes in any particular 
preparation. 

Occurrence of the enzyme in Pseudomonas OD1. 
Glyoxylic-dehydrogenase activity (0-91 mole of 
TPN reduced/min./mg. of protein under the 
standard assay conditions) was found in oxalate. 
grown Pseudomonas OD 1, whereas extracts of the 
same organism grown on malate showed an activity 
of 0-16 pmole of TPN reduced/min./mg. of protein. 


DISCUSSION 


The present study shows that glyoxylic de- 
hydrogenase is an enzyme specific for the oxidation 
of glyoxylate in the presence of TPN and CoA. 
It is thus similar to the acetaldehyde dehydro- 
genase discovered in Clostridium kluyveri by 
Burton & Stadtman (1953) and subsequently found 
in Escherichia coli by Dawes & Foster (1956). This 
enzyme catalyses the reaction: 


CH,*CHO + DPN+ +CoA = CH,*CO*CoA + DPNH + H* 
(5) 


It is freely reversible, with a value of — 4-2 kcal. for 
AG’ at pH 7-0 and 25° as determined from equi- 
librium measurements. 

The question of the reversibility of glyoxylic 
dehydrogenase is an important one in connexion 
with the synthesis of cell constituents from oxalate. 
From the free-energy data of Burton (1961) it can 
be calculated that the free-energy change AG’ for 
reaction (1) is —8-1 kcal. Assuming a value of 
—9keal. for AG’ of reaction (6) (Burton, 1957) 


CO*CoA +H,0 — CO, +CoA +H* (6) 


| 
co,- co,- 


it follows that AG’ of reaction (7) is + 0-9 keal.: 


CHO +CoA +TPNt+— CO*CoA+TPNH+Ht* (7) 


CO,~ bo, 
Thus on thermodynamic grounds reaction (7) 
would be expected to be freely reversible. Indirect 
evidence indicated this to be the case (Quayle et al. 
1961). Authentic oxalyl-CoA has not, as yet, been 
synthesized in substrate amounts and in its 
absence a direct demonstration of reversibility of 
the purified enzyme cannot be made. The occur- 
rence of side reactions, e.g. reaction (6), precludes 
a measurement of the reaction equilibrium. 

The suggestion that the enzyme plays a key role 
in microbial growth on oxalate is further supported 
by its presence in oxalate-grown Pseudomonas OD 1 
and its decrease in activity to one-sixth when the 
organism is grown on malate. 
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SUMMARY 


1. A purification of glyoxylic dehydrogenase, 
obtained from oxalate-grown Pseudomonas oxalati- 
cus, is described. The purification involves am- 
monium sulphate precipitation, gel absorption and 
ion-exchange chromatography. 

2. The pH optimum for the coenzyme A- and 
triphosphopyridine nucleotide-linked oxidation of 
glyoxylate to oxalate is 8-6. 

3. The glyoxylic dehydrogenase is free of the 
following enzymic activities: reduced pyridine 
nucleotide oxidase, pyridine nucleotide-linked gly- 
oxylic acid reductase or glycollic acid dehydro- 
genase, and glyoxylic acid carboligase. 

4. The enzyme is specific for both triphospho- 
pyridine nucleotide and coenzyme A. Diphospho- 
pyridine nucleotide will not replace the former nor 
will cysteine, glutathione, thioethanolamine or 
pantetheine replace the latter. In the presence of 
triphosphopyridine nucleotide and coenzyme A the 
enzyme will not oxidize formaldehyde, acetalde- 
hyde, glycolaldehyde, pyruvate, oxaloacetate, «- 
oxoglutarate or hydroxypyruvate. The presence of 
any of these compounds at 1mm concentration 
does not inhibit the oxidation of glyoxylic acid 
catalysed by the enzyme. 

5. No metal-ion requirement for the action of 
glyoxylic dehydrogenase has been found. 

6. K,, values of 5-7 x 10-4m and 3-4 x 10->M, at 
pH 8:6 and 25°, have been found for glyoxylate and 
triphosphopyridine nucleotide respectively. Co- 
enzyme A is required for the oxidation in catalytic 
quantities. 

7. The free-cnergy changes involved in the 
oxidation of glyoxylate are discussed. 
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8. Glyoxylic dehydrogenase has also been found 
in extracts of oxalate-grown Pseudomonas OD1. 
This activity is decreased to one-sixth when the 
same organism is grown on malate. 
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Glutamic—Oxaloacetic Transaminase of Cauliflower 
1. PURIFICATION AND SPECIFICITY 


By R. J. ELLIS* ano D. D. DAVIEST 
Department of Botany, King’s College, London 


(Received 6 September 1960) 


Although the scope of the transamination re- 
action in extracts of higher plants has been amply 
demonstrated (Wilson, King & Burris, 1954), little 
information is available on the enzymology of plant 


* Present address: A.R.C. Unit of Plant Physiology, 
Imperial College of Science and Technology, London. 

+ Present address: C.S.I.R.O. Unit of Plant Physiology, 
University of Sydney, Sydney, Australia. 


transaminases. Cruickshank & Isherwood (1958) 
reported the partial purification of glutamic— 
oxaloacetic and glutamic—pyruvic transaminases 
from wheat-germ without giving details of the 
purification obtained; although the two activities 
were not separated, evidence was obtained which 
indicated that different enzymes were responsible 
for the two activities, as is the case in animal 
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tissues. Patwardhan (1960) has purified glutamic— 
oxaloacetic transaminase 23-fold from green beans, 
and demonstrated an activating effect by ferrous 
ions; this preparation also contained glutamic— 
pyruvic-transaminase activity. In neither of these 
two papers was any study reported of the speci- 
ficity of the transaminases. In view of the sug- 
gested importance of transamination in amino 
acid metabolism in plants (cf. Eberts, Burris & 
Riker, 1954), the present study was initiated to 
determine the substrate specificity, cofactor require- 
ments and kinetic properties of glutamic—oxalo- 
acetic transaminase from a higher plant. 


MATERIALS AND METHODS 


Substrates. L-y-Hydroxyglutamic acid, B-aminoglutaric 
acid and DL-y-methyleneglutamic acid were gifts from 
Dr L. Fowden. Dihydroxyfumaric acid and hydroxy- 
aspartic acid were gifts from Dr H. J. Sallach. All other 
substrates were obtained commercially. With the exception 
of cysteinesulphinic acid, which contained a minor im- 
purity running just behind the main spot in propan-1l-ol— 
formic acid—water (10:1:4, by vol.), all the amino acids 
were chromatographically pure. Oxaloacetic acid, which 
gave a molar extinction coefficient of 518 at 280 my when 
dissolved in phosphate buffer (0-2m, pH 7-0), and a- 
oxoglutaric acid were free from other keto acids when 
analysed as their 2:4-dinitrophenylhydrazones. Uniformly 
labelled 1-[14C]glutamic acid was obtained from The 
Radiochemical Centre, Amersham, Bucks. 

Gel. Calcium phosphate gel was prepared by the method 
of Keilin & Hartree (1938), with the modification that the 
gel was washed with glass-distilled water instead of with 
tap water. 

Diethylaminoethylcellulose. Diethylaminoethylcellulose 
(DEAE-cellulose) powder with a large pore size (capacity 
1-0 m-equiv./g.) was obtained from Brown and Co., 
Berlin, New Hampshire, U.S.A. This material was poured 
as a slurry into a glass column (1-7 cm. x 29cm.) and 
washed with water; just before use, the column was 
equilibrated with dipotassium hydrogen phosphate (2 mm). 

Protein. Protein was determined by the method of 
Warburg & Christian (1942). On a few occasions, when 
turbid solutions had to be assayed, the biuret method of 
Gornall, Bardawill & David (1949) was employed. 

Chromatography. Amino acids were spotted on Whatman 
no. 1 paper, and run in the descending direction with water- 
saturated phenol as the usual solvent. The amino acids 
were detected by the ninhydrin method, and the colour 
was stabilized by spraying with nickel sulphate (Khabas & 
Elkin, 1956). Keto acids were chromatographed as the 
2:4-dinitrophenylhydrazones by the method of Wager, 
described by Isherwood & Cruickshank (1954). 

Determination of enzymic activity. The initial rate of 
transamination was measured by the spectrophotometric 
assay of oxaloacetate at 280 my (Green, Leloir & Nocito, 
1945; Nisonoff & Barnes, 1952). Enzyme, pyridoxal 5- 
phosphate (75 um), L-aspartate (150 zmoles) and potassium 
phosphate buffer (0-2m, pH 7-0) were incubated ir silica 
cells of 1 cm. light-path for 10 min. at 20° to give the re- 
activated enzyme, before the addition of «-oxoglutarate 
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(75pmoles) to start the reaction. The final volume was 
3 ml. The increase in Fy, ,,,, Was measured in a Unicam 
SP. 500 spectrophotometer, readings being taken at 
15 sec. intervals for 3 min. The relation between initial 
velocity and enzyme concentration departed from linearity 
at high concentrations of enzyme; consequently all assays 
were performed with lower concentrations of enzyme in the 
linear range. Under these conditions, a unit of enzyme 
activity is defined as the amount of enzyme that will cause 
a rise in EHye9 », Of 0-01/min. Specific activity is defined as 
the number of units/mg. of protein. The validity of the assay 
was established by correlating the changes in Egy ,,,, with 
the appearance of the expected amino and keto acids on 
paper chromatograms. 


Purification procedure 


Fresh cauliflower heads were defoliated and placed in a 
cold-room at 3-4° for 1 hr. before being ground. All sub- 
sequent steps were performed in a cold-room. The top 
0-5-1-0 em. of florets were removed with a knife and homo- 
genized in 200 g. lots in 250 ml. of chilled phosphate buffer 
(0-05M, pH 7-0) for 1 min. in a bottom-drive glass blender 
(Ato-Mix). The debris was strained off with a cloth and the 
solution returned to the blender with a further 200 g. of 
florets. After the second homogenizing, the solution was 
strained as before and spun in a Servall Super-Speed 
Centrifuge at 31 000g for 10 min. The supernatant solu- 
tions were pooled to form the crude extract. The average 
specific activity of six crude extracts was 3-4. In each 
large-scale preparation 20-24 cauliflower heads were used, 
yielding a fresh weight of florets in the range 3-4 kg. 

Step 1: first ammonium sulphate fractionation. Powdered 
ammonium sulphate (28 g.) was added with constant 
stirring to each 100 ml. of crude extract. After 15 min. the 
precipitate was removed by centrifuging at 20 000g for 
10 min. A further 14 g. of ammonium sulphate was added 
to the supernatant solution; the precipitate was centri- 
fuged down after 15 min. and resuspended in a small 
volume of phosphate buffer (0-2m, pH 7-0). The resus- 
pended fraction was dialysed in a }in. Visking dialysis 
tube for 5 hr. against a flow of 51. of phosphate buffer 
(005m, pH 7-0). The dialysed material was cleared by 
centrifuging. 

Step 2: second ammonium sulphate fractionation. An 
equal volume ofa solution of ammonium sulphate (490 g./1.) 
in phosphate buffer (0-05m, pH adjusted to 6-0 with aq. 
ammonia soln.) was slowly added to the cleared dialysed 
fraction. After 15 min. the precipitated protein was 
removed by centrifuging and discarded. A further 0-4 vol. 
of ammonium sulphate was added to the supernatant 
solution; the precipitated protein was collected after 
15 min. and resuspended in 10-20 ml. of phosphate buffer 
(0-2m, pH 7-0). The supernatant solution was treated with 
a further 0-6 vol. of ammonium sulphate, and the pre- 
cipitated protein resuspended as above. 

Step 3: treatment with calcium phosphate gel. The fraction 
from step 2 which exhibited the highest specific activity 
was dialysed for 5 hr. against a running stream of 51. of 
dipotassium hydrogen phosphate (2mm). The dialysed 
enzyme was diluted to 25-50 ml. with chilled water. 
Calcium phosphate gel (8-3 mg./ml.) was added in suc- 
cessive 5 ml. portions, the gel being centrifuged down 
15 min. after each addition. After 10-15 ml. of gel had 
been added, the specific activity of the supernatant solution 
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had reached a maximum. The product of step 3 was a clear, 
pale-yellow liquid. 

Step 4: chromatography on diethylaminoethylcellulose. The 
solution from step 3 was added to the DEAE-cellulose 
column in portions; the yellow pigment was adsorbed at 
the top of the column, where it remained during elution. 
Phosphate buffer (0-2m, pH 8-0) was dripped into a litre 
mixing flask containing dipotassium hydrogen phosphate 
(2 mM), mixing being accomplished by a magnetic stirrer. 
The resulting solution was forced through the column by a 
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Fig. 1. Elution pattern of glutamic—oxaloacetic trans- 
aminase from DEAE-cellulose column. Protein from step 3 
(60-4 mg., specific activity 55-6) was placed on top of the 
column; gradient elution was carried out by raising the 
molarity and pH of phosphate buffer forced through the 
column. Fractions of 19ml. were collected. Samples 
(0-1 to 0-5 ml.) were incubated for 10 min. with L-aspartate 
(150umoles) and pyridoxal 5-phosphate (75yMm) in 
phosphate buffer (0-2m, pH 7-0) at 20° in 1-cm. silica cells. 
a-Oxoglutarate (75 umoles) was added to bring the volume 
to 3ml., and the rise in Hy9,,,, measured for 3 min. A, 
Specific activity; B, concentration of protein. 
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head of liquid (1-2 ft. was sufficient) and 10 ml. fractions 
were collected. The activity was eluted by this treatment 
in 3-4 hr. when about 500 ml. of eluate had been collected. 
The elution pattern of the best preparation is shown in 
Fig. 1; the two peaks of activity found in this case were not 
always observed. The fractions of the highest specific 
activity were pooled and dispensed into tubes; the enzyme 
was stored at — 17°, where it was stable for at least 6 months. 


RESULTS 
Purification 
Table 1 shows the details of the best preparation 
obtained. The highest purification achieved was 
250-fold. In the more usual case, the peak fractions 
showed a purification in the range 100- to 200-fold. 
One possible explanation of the occasional appear- 
ance of two peaks of activity in the column 
eluates is that proteolytic activity present in the 
crude extract had removed a portion of the enzyme 
molecule which is not essential for its activity; a 
similar phenomenon has been reported for papain 
(Hill & Smith, 1956). The degree of activation of 
purified preparations by pyridoxal 5-phosphate 
was the same as that produced by the first am- 
monium sulphate precipitation; the maximum 
stimulation observed was 300%. 


Specificity 

Reactions catalysed by crude extract. The occur- 
rence of glutamic—pyruvic transaminase and glut- 
amic decarboxylase in crude extracts was easily 
shown by the paper chromatography of the amino 
acids involved. Attempts to demonstrate trans- 
aminations between several other amino acids and 
«-oxoglutarate were unsuccessful. The use of more 
concentrated crude extracts, or of dialysed am- 
monium sulphate precipitates, led to the appear- 
ance after incubation of many ninhydrin-positive 
spots on the chromatogram, presumably amino 
acids and peptides formed by proteolysis. The 


Table 1. Purification of cauliflower glutamic—oxaloacetic transaminase 


Enzyme activity was assayed by measuring the rise in Ey, ,,,, when aspartate, «-oxoglutarate and reactivated 
enzyme were mixed in 1-cm. silica cells. A unit of activity is the amount of enzyme producing a change in H of 
0-01/min. A fresh weight of cauliflower florets of 3-1 kg. was used as the starting material. 


Total 
Vol. activity 

Fraction (ml.) (units) 

Crude extract 2550 86 700 
First (NH,),SO, fraction 200 26 400 
Second (NH,).SO, fraction 22 9 900 
Gel-treated fraction 84 3 360 
Peak fractions from cellulose 10 360 
column 10 400 
10 260 

10 100 

Pooled peak fractions 100 2 900 


Specific 
Protein activity Recovery _ Purification 
(mg./ml.) (units/mg.) (%) factor 
13-4 2-54 100 1-0 
10-8 12-2 30-4 4:8 
13 34-6 11-4 13-6 
0-72 55-6 3-9 22 
0-062 580 0-4 228 
0-068 588 0-5 232 
0-04 650 0-3 254 
0-03 333 0-1 131 
0-05 568 33 224 
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Amino acid—oxaloacetate transaminations 
catalysed by crude extracts 


A dialysed crude extract of cauliflower florets was incu- 
bated with pyridoxal 5-phosphate (0-1 mm) for 10 min. at 
20°. Samples (0-25 ml.) were mixed with an amino acid and 
oxaloacetate (3ymoles) in 3ml. of phosphate buffer 
(0-2m, pH 7-0) at 20° in 1-cm. silica cells. 


Concn. of 
amino acid Decrease in 
Amino acid (mm) E480 my/10 min. 

p-Alanine 25 0 
L-Alanine 25 0 
a-Aminobutyric acid 33 0 
y-Aminobutyric acid 33 0 
L-Asparagine 33 0 
L-Cysteic acid 33 0-027 
L-Cysteinesulphinic acid 10 0-026 
L-Cysteine 33 0 
p-Glutamate 10 0 
L-Glutamate 10 0-118 
L-Glutamine 33 0 
L-Serine 33 0 
No amino acid _ 0 


spectrophotometric assay of oxaloacetate was used 
to determine whether the crude extract would 
catalyse the disappearance of this compound when 
an amino acid was added. Table 2 shows that the 
only amino acids of those tried which transamin- 
ated with oxaloacetate were L-glutamic acid, L- 
cysteic acid and L-cysteinesulphinic acid. 


fi nia camera (oxaloacetate 


-Methvl 1 asd 
y-Methyleneglutamate + s anialeeaatente 
{ x-oxoglutarate 


f-Hydroxyaspartate + | oxaloacetate 


«-oxoglutarate 
Cysteate + aa 


Cysteine i yl. d 
ysteinesulphinate +  aeislaiadiahate 


Preliminary indications of the substrate speci- 
ficity of glutamic—oxaloacetic transaminase were 
obtained by observing the effects of added amino 
acids on the initial velocity of the aspartate—x-oxo- 
glutarate reaction catalysed by a dialysed crude 
extract; a decrease in this velocity would be 
expected if the added amino acid can occupy the 
aspartate site on the enzyme. The concentration of 
aspartic acid in the assay cell was lowered to 10 mm 
to ensure that a small inhibitory effect would not be 
overlooked. Table 3 shows that the only inhibitory 
compounds of those tried were cysteic acid and 
compounds containing a sulphydryl group. The 
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lack of inhibition by most of the amino acids tried 
was taken as presumptive evidence for the high 
substrate specificity of the transaminase. 

Inhibition of transaminases by compounds con- 
taining a sulphydryl group has been noted by other 
workers (cf. du Vigneaud, Kuchinskas & Horvath, 
1957; Kenney, 1959). du Vigneaud e¢ al. interpret 
this effect as due to the formation of a thiazolidine 
ring compound between the added reagent and the 
cofactor, pyridoxal 5-phosphate. 

The cauliflower transaminase was also inhibited 
50% by incubating the crude extract with p- 
chloromercuribenzoate (0-5 mm) for 30 min. at 37 
before assay, but was not inhibited by a similar 
incubation with iodoacetate (5 mm). The activity 
in the crude extract was not affected by addition of 
ethylenediaminetetra-acetic acid (EDTA, 60 mm), 
or after incubation for 30 min. at 37° with indol-3- 
ylacetic acid (100-1) or gibberellic acid (1-5 mm). 

Reactions catalysed by purified enzyme. A 67-fold 
purified preparation contained no_ glutamic- 
pyruvic-transaminase or glutamic-decarboxylase 
activity, and did not catalyse any detectable trans- 
amination between «-aminobutyric acid, y-amino- 
butyric acid, B-aminoglutaric acid, cysteine, 
methionine, arginine, leucine, lysine, tryptophan, 
tyrosine and «a-oxoglutarate. The purified pre- 
paration was found to catalyse the following 
reactions: 


Glutamate + oxaloacetate — aspartate + «-oxoglutarate 
[24C]Glutamate + «-oxoglutarate — «-oxo[!4C]glutarate + glutamate 


{x-oxoglutarate _ {glutamate + y-hydroxy-«-oxoglutarate 


| aspartate 


{glutamate + y-methylene-x-oxoglutarate 
| aspartate 


_, {glutamate + dihydroxyfumarate 


(aspartate 


{glutamate + B-sulphonylpyruvate 
| aspartate 


{ax-oxoglutarate _ {glutamate + £-sulphinylpyruvate 
> | aspartate 


Reaction (1) was found to be specific for the L- 
forms of the amino acids. The exchange of the 
carbon chains [reaction (2)] was demonstrated by 
incubating 100 units of the purified enzyme with 
L-[14C]glutamic acid (1 mole, 2-9 x 10° counts/min.) 
and unlabelled «-oxoglutarate (10umoles) in a 
final volume of 2-8 ml. for 4 hr. at 37°. The incu- 
bation mixture was then placed on a column 
(lcem.x8cm.) of Dowex-50 (H* form), and the 
column washed with water. The first 15 ml. of 
eluate was collected, and 100yl. samples were 
chromatographed on Whatman no. 1 paper in 
butan-l-ol-formie acid—water (55:5:20, by vol.); 
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Table 3. Substrate specificity of cauliflower 
glutamic—oxaloacetic transaminase 


Dialysed crude extract (6-1 units) was mixed with L- 
aspartate (30 moles), «-oxoglutarate (75 moles) and the 
added compound in 3ml. of phosphate buffer (0-2, 
pH 7-0) at 20° in 1-cm. silica cells. The rise in Eygp .,,, Was 
measured for 3 min. 


Inhibition 
of aspartate— 
Conen. of «-oxoglutarate 
added compound activity 
Compound added (mm) (%) 
L-Alanine 150 0 
p-Alanine 150 0 
B-Alanine 150 0 
L-Arginine 300 0 
L-Asparagine 150 0 
L-Cysteic acid 150 24 
L-Cysteine 150 73 
Glutathione 150 69 
Glycine 150 0 
Glycylglycine 150 0 
L-Histidine 150 0 
pL-Homocysteine 100 52 
pL-Leucine 150 0 
L-Lysine 75 0 
pL-Methionine 100 0 
DL-Serine 150 0 
Thioglycollate 37 32 
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subsequent radioautography revealed a radioactive 
area in the «-oxoglutarate position. Reactions (3), 
(4) and (5) were demonstrated in the forward 
direction by paper chromatography of the amino 
acids. Reaction (5), where «-oxoglutarate was the 
acceptor, was also demonstrated by the assay of 
dihydroxyfumarate at 290 my (Kun, 1956). The 
initial rates for the reactions between «-oxoglutar- 
ate (25mm) and aspartate (8mm) or hydroxy- 
aspartate (8-3mm) in phosphate buffer (0-2, 
pH 7-5) at 20° were in the ratio 1250 to 1-0. It is 
therefore apparent that the substitution of a f- 
hydrogen atom of aspartate by a hydroxyl group 
considerably reduces the reactivity of the molecule 
as a substrate for the transaminase. Incubation of 
the purified enzyme with dihydroxyfumarate and 
either glutamate or aspartate failed to lead to the 
production of detectable amounts of hydroxy- 
aspartate on a paper chromatogram. Addition of 
EDTA (1-0 mm) and Mg?* ions (1-0 mm), which was 
reported by Kun (1956) to catalyse the intercon- 
version of the enol and keto forms of dihydroxy- 
fumarate, to a mixture of glutamate, dihydroxy- 
fumarate and enzyme, failed to increase the rate of 
decrease of Eyg9,, above that of the control. 


Table 4. Activity ratios with sulphur amino acids during purification of glutamic—oxaloacetic transaminase 


Enzyme assays were performed in 3 ml. of phosphate buffer (0-2m, pH 7-5) at 20° in 1-cm. silica cells; the 
enzyme was incubated with pyridoxal 5-phosphate (0-1 mm) for 10 min. before assay. The units of aspartate— 
a-oxoglutarate activity were measured as in Fig. 1. The other activities were assayed by mixing L-cysteic acid 
(100 zmoles) or L-cysteinesulphinic acid (30 zmoles) with oxaloacetic acid (3 umoles), and measuring the decrease 


in E49 my 3 the units of activity are expressed as 10? x decrease in H/min. 


Specific 

A B activity of 

Aspartate— Cysteic acid— glutamic— 

«-oxoglutarate oxaloacetic acid oxaloacetic 
Fraction (units of activity) (units of activity) transaminase A/B 
(NH,),SO, fraction 4-6 2-0 1-4 2:3 
Crude extract 3:3 1-0 3-9 3-3 
(NH,),SO, fraction 12-7 3-9 7-9 3-3 
(NH,).SO, fraction 5:3 2-0 8-7 2-7 
(NH,).SO, fraction 10-2 3:3 13-5 3-1 
(NH,).SO, fraction 3-1 1-0 13-8 3-1 
Gel-treated fraction 5-2 1-9 28-0 2-7 
(NH,).SO, fraction 11-9 3-9 34-2 3-1 
Fractions from 3-3 0-92 94-0 3-6 
cellulose column 1-6 0-46 114-0 3-5 

D Specific 

Cc Cysteine- activity of 

Aspartate- sulphinic acid— glutamic— 

«-oxoglutarate oxaloacetic acid oxaloacetic 
Fraction (units of activity) (units of activity) transaminase c/D 
Crude extract 1:7 0-53 2-5 3-2 
(NH,).SO, fraction 4:5 1:8 5-7 2-5 
(NH,).SO, fraction 6-6 2-4 13-3 2-7 
(NH,).SO, fraction 4:9 2:3 31-4 2-1 
Gel-treated fraction 2-0 1-0 55-6 2-0 
Fractions from 3-3 1:3 116-0 2-5 
cellulose column 5:0 2-1 333-0 2-4 
18-0 6-8 580-0 2-6 
20-0 7-0 588-0 2-8 
13-0 5:3 650-0 2-5 
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Reaction (5) could thus be demonstrated in the 
forward direction only. 

Green et al. (1945) reported that oxomalonate 
underwent a slow transamination with glutamate 
in the presence of purified pig-heart transaminase. 
Oxomalonate (0-05—-0-1m) strongly inhibited both 
the aspartate—a-oxoglutarate and glutamate—oxalo- 
acetate reactions catalysed by crude, and purified, 
cauliflower transaminase. No detectable formation 
of aminomalonate or its decarboxylation product, 
glycine, was observed when oxomalonate was in- 
cubated with glutamate, or aspartate, and purified 
enzyme. A repetition of this experiment in borate 
buffer (pH 9-0), as used by Nagayama, Muramatsu 
& Shimura (1958) to demonstrate amino acid— 
oxomalonate transaminations in liver extracts, 
gave the same negative result. The use of [!4C]- 
glutamate, and subsequent isolation of «-oxo- 
glutarate, indicated that a maximum of 1% 
transamination had occurred when 20 units of 
transaminase were incubated with glutamate 
(16 mM) and oxomalonate (21mm) in phosphate 
buffer (0-2m, pH 7-5) at 30° for 4hr. From these 
findings it seems possible that oxomalonate has an 
appreciable affinity for the active sites of the 
cauliflower enzyme, and hence acts as an inhibitor, 


Initial velocity 


40 80 120 160 200 240 280 320 


Vol. of eluate (ml.) 


Fig. 2. Correlation of aspartate-x-oxoglutarate activity 
(@) with cysteate-oxaloacetate activity (O). The fractions 
eluted from a DEAE-cellulose column were assayed for the 
two activities. Aspartate—«-oxoglutarate activity was 
assayed in 0-1 ml. samples as in Fig. 1. Cysteate—oxalo- 
acetate activity was assayed by measuring the decrease in 
E289 my, When L-cysteate (100umoles) and oxaloacetate 
(3 moles) were added to 0-1 ml. samples of reactivated 
enzyme in a final volume of 3 ml. of phosphate, buffer 
(0-2m, pH 7-0) at 20° in 1-cm. silica cells. Initial velocity 
equals the change in E’y¢y ,,,,/min. 
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but that it undergoes transamination at only a 
very slow rate. 

Transamination of the sulphur amino acids. The 
reactions of cysteic acid and cysteinesulphinic acid 
with «-oxoglutaric acid were demonstrated by the 
chromatographic detection of glutamic acid. For 
the reactions involving oxaloacetate, the quanti- 
tative assay of oxaloacetate by the spectrophoto- 
metric method was combined with the chromato- 
graphic detection of aspartate. Evidence that one 
enzyme catalyses the reactions of aspartic acid 
with «-oxoglutarate, of cysteic acid with oxalo- 
acetate, and of cysteinesulphinic acid with oxalo- 
acetate was obtained by measuring the ratios of the 
initial rates of these reactions over a wide range of 
specific activity of the transaminase. Table 4 shows 
that these ratios were approximately constant 
throughout purification. Further evidence for the 
one-enzyme hypothesis as regards the cysteate- 
oxaloacetate reaction comes from the close simi- 
larity of the elution curves of the two activities 
from the DEAE-cellulose column (Fig. 2). 

A further test of the hypothesis that glutamic- 
oxaloacetic transaminase catalyses the cysteine- 
sulphinate—oxaloacetate reaction is derived from 
kinetic considerations. If the reaction velocity 
with one substrate is V,, and that with the other 
substrate is V., then the velocity V,; when both 
substrates are present should be V, + V, if different 
enzymes act on the substrates. However, if a 
single enzyme is involved, then: 

Via ical 

*  Sy+ Km(1+[Se/Kme]) © Sp+Kmo(1 + (81/Kmu)) 
where V,,,,. represents the maximum velocity, K,, 
the Michaelis constant and S the concentration of 
substrate (Thorn, 1949). This test was applied for 
the reactions between glutamate (S,), cysteine- 
sulphinate (S,) and oxaloacetate. The results of 


max.2 


Table 5. Interaction of substrates with cauliflower 
glutamic—oxaloacetic transaminase 


Glutamate-oxaloacetate and cysteinesulphinate—oxalo- 
acetate activities were measured in l-cm. silica cells in 
phosphate buffer (0-2m, pH 7-5) at 30° with a 224-fold 
purified enzyme preparation. V, and V, (expressed as the 
decrease in E59 ,,/min.) are the initial velocities with 
glutamate (S,) and cysteinesulphinate (S,) respectively. 
The values of the apparent Michaelis constants and maxi- 
mum velocities were obtained from Lineweaver—Burk 
double reciprocal plots (Davies & Ellis, 1961). V, (obs.) is 
the velocity with mixed substrates; V, (calc.) is the 
velocity obtained from the equation of Thorn (1949). 


8, = 0-05m 


8, = 0-05m 
Kme = 0:062M 


Km = 0-:036M 
max = 0-1 Vinaxe = 0-06 
V, = 0-054 Vz. = 0-0268 
V; (cale.) = 0-058 
V;,(obs.) = 0-052 


V 
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this test show that V, (obs.) is less than V,+ V., and 
that V, (cal.). for a single enzyme is in moderately 
good agreement with the observed velocity (‘Table 5). 


Comparison with pig-heart transaminase 


In view of the findings on the substrate speci- 
ficity of the cauliflower transaminase, it was deemed 
of some interest to study the specificity of the same 
transaminase from another source. Samples of 
glutamic—oxaloacetic transaminase from pig heart, 
at differing stages of purity, were generously made 
available by Dr B. E. C. Banks. The preparation 
with the highest specific activity (61-fold purified) 
catalysed reactions (4), (6) and (7). Reactions (3) 
and (5) were not tested for. Ninhydrin-positive 
spots running with the R, of glycine were found 
after incubation of the enzyme with oxomalonate 
and glutamate or aspartate or cysteate. The ratios 
of the initial rates of the reactions between asp- 
artate and «-oxoglutarate, cysteate and oxalo- 
acetate, and cysteinesulphinate and oxaloacetate, 
were measured with four samples of enzyme which 
differed in purity. The results shown in Table 6, 
indicating that these ratios were approximately 
constant, suggest that, as with the cauliflower 
enzyme, the transaminase from pig heart catalyses 
several reactions. 


DISCUSSION 


The results presented here indicate that glut- 
amic-oxaloacetic transaminase from a higher 
plant source has a relatively high substrate 
specificity ; there can now be no doubt that, as in 
animal tissues, glutamic—pyruvic and glutamic— 
oxaloacetic transaminases are separate enzymes. 
The purified enzyme would not catalyse the 
glutamic—pyruvic transamination, or transamina- 
tions involving several amino acids and either 
«-oxoglutarate or oxaloacetate; this finding sug- 
gests that more than one enzyme is responsible for 
the wide range of transamination reactions found 
in extracts of higher plants (Wilson et al. 1954). 

Transaminations between y-methyleneglutamic 
acid and oxaloacetate, «-oxoglutarate and pyruvate 
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are catalysed by extracts from groundnut seedlings 
(Fowden & Done, 1953). The results of the present 
work suggest that the activity with «-oxoglutarate 
and oxaloacetate is due to the lack of specificity of 
the glutamic—oxaloacetic transaminase present in 
the extracts. It is possible that the activity with 
pyruvate is due to a similar lack of specificity of 
the glutamic—pyruvic transaminase present. Virt- 
anen & Hietala (1955) demonstrated a transamin- 
ation between «-oxoglutarate and y-hydroxyglut- 
amate in phlox extracts; the present results suggest, 
but do not prove, that the glutamic—oxaloacetic 
transaminase is responsible for this reaction. The 
demonstration that the purified preparations of 
transaminase will catalyse these reactions lends 
some support to the suggestion that one of the 
reasons for the occurrence of these non-protein 
amino acids is the lack of specificity of enzymes 
normally engaged in metabolizing the protein 
amino acids (Fowden, 1958). If this is so, then 
the problem why some plants only contain these 
acids revolves around the origin of the keto acid 
analogues and not around the origin of the amino 
group. 

The conclusion drawn by Garcia-Hernandez & 
Kun (1957), that hydroxyaspartate is a poor sub- 
strate for animal glutamic—oxaloacetic transamin- 
ase, which catalyses only a very slow formation of 
hydroxyaspartate, has been confirmed for the 
plant enzyme except that for the latter no hydroxy- 
aspartate formation could be detected at all. 
Hydroxyaspartic acid has not as yet been reported 
from plant tissues, but has been shown to occur in 
bound form from the extracellular material of 
Azotobacter (Virtanen & Saris, 1957), and has also 
been isolated from digests of casein (Sallach & 
Kornguth, 1959). Stafford (1957) has discussed the 
possible role of dihydroxyfumarate in plant meta- 
bolism, especially as regards its formation from 
tartrate. 

One of the more interesting findings that has 
emerged from this study is the demonstration that 
the transaminase will catalyse reactions involving 
cysteic acid and cysteinesulphinic acid. Wilson 
et al. (1954) reported that crude extracts of several 


Table 6. Substrate specificity of pig-heart glutamic—oxaloacetic transaminase 


Enzyme assays were performed as described in Table 4 except that the temperature was 30°, 6 umoles of oxalo- 
acetate were used instead of 3, and 300 moles of cysteate were used instead of 100. 


C 
A B Cysteine- 
Aspartate— Cysteic acid— sulphinic acid— Ratios 
Purification «-oxoglutarate oxaloacetic acid oxaloacetic acid ——* 

factor (units of activity) (units of activity) (units of activity) A/B A/C 
1-0 24-5 4-2 24-0 5-84 1-02 

16-6 6-25 1-0 6-0 6-25 1-04 
47-7 5-5 0-9 4-4 6-11 1-25 
61-2 3-0 0-7 2:8 4-29 1-07 
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plants catalyse the transfer of amino groups from 
cysteate to «-oxoglutarate. Cysteinesulphinic acid 
has been suggested as an intermediate in the oxid- 
ation of cysteine to sulphate in animal tissues; a 
system found in liver extracts catalyses a trans- 
amination between cysteinesulphinate and «-oxo- 
glutarate to give glutamate and f-sulphinylpyr- 
uvate; this latter keto acid then decomposes to 
sulphite and pyruvate (Fromageot, Chatagner, 
Séjourné & Bergeret, 1952). The oxidation of 
cysteinesulphinate by extracts of rat-liver mito- 
chondria is initiated by transamination with «- 
oxoglutarate and oxaloacetate (Singer & Kearney, 
1956). The present findings with both the purified 
cauliflower enzyme and the purified pig-heart 
enzyme strongly indicate that it is the glutamic— 
oxaloacetic transaminase present in the extracts 
that catalyses these reactions; preliminary indica- 
tions that this was so for the pig-heart enzyme were 
obtained by Green e¢ al. (1945) for cysteate and by 
Singer & Kearney (1956) for cysteinesulphinate, 
but these workers used preparations of lower 
purity than those used here, and did not measure 
the ratios of activities throughout purification. It 
has been reported that aqueous extracts of oat 
leaves will catalyse a transamination between 
cysteinesulphinic acid and «-oxoglutaric acid; the 
enzyme involved is reported as being distinct from 
those involved in the transamination of cysteate 
and aspartate (Perez-Milan, Schliack & Fromageot 
1959). However, no evidence is presented in this 
latter paper to establish the validity of the assay 
procedure in measuring the initial velocities of the 
various reactions, nor is the complication intro- 
duced by the presence of glutamic—pyruvic trans- 
aminase in the extracts considered. The available 
evidence does not therefore seriously contradict 
the conclusion of the present study that cysteine- 
sulphinic acid is a substrate for glutamic—oxalo- 
acetic transaminase. The values of the apparent 
Michaelis constants for the sulphur amino acids are 
reported in the next paper (Davies & Ellis, 1961). 
It may be noted here that the Michaelis constant 
for cysteinesulphinic acid is only about twice as 
great as that for glutamic acid, suggesting that if 
this sulphur amino acid occurs in plant tissues the 
reaction could have physiological importance. The 
transaminase has only a low affinity for cysteic acid, 
however, and was not saturated by the highest 
concentration employed (0-25m). The smallest 
Michaelis constant of all those estimated was that of 
oxaloacetate in the glutamate—oxaloacetate re- 
action. This finding is consistent with the low 
concentration of oxaloacetate found in plant 


tissues compared with that of other keto acids 
(Krupka & Towers, 1958): to work efficiently in 
vivo the transaminase needs to possess a* high 
affinity for oxaloacetate. 
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It is of some interest to speculate on the possi- 
bility that the transamination of cysteinesulphinic 
acid is involved in the incorporation of sulphur into 
organic combination. Singer & Kearney (1953) 
have suggested that a reversal of the desulphin- 
ation of B-sulphinylpyruvic acid may be the step by 
which sulphur is attached to a carbon chain. 
Chapeville & Fromageot (1954) reported the 
synthesis of [*°S]eysteinesulphinic acid on incuba- 
tion of [*S]sulphite with glutamate, pyruvate and 
a rabbit-kidney extract. However, f-sulphinyl- 
pyruvate appears to be an unstable compound, 
readily decomposing to sulphite and pyruvate, and 
has not yet been isolated. The direct reversal of this 
breakdown is therefore unlikely on thermodynamic 
grounds, and, by analogy with the metabolism of 
oxaloacetate, it would seem more profitable to 
consider that the reversal may be accomplished by 
the combination of sulphite with phosphoenol- 
pyruvate, rather than with pyruvate. Such a 
reaction would be analogous to the fixation of 
carbon dioxide into oxaloacetate via phosphoenol- 
pyruvate. If this postulated reversal of desulphin- 
ation can be substantiated, then transamination 
would seem to play a key role not only in carbo- 
hydrate and nitrogen metabolism, but in the 
metabolism of sulphur as well. 


SUMMARY 


1. Glutamic—oxaloacetic transaminase has been 
purified 250-fold from cauliflower florets; the 
purified enzyme is free from glutamic—pyruvic 
transaminase. 

2. Purified preparations of the enzyme catalyse 
transaminations between y-hydroxyglutamate, y- 
methyleneglutamate, B-hydroxyaspartate, cyste- 
ate and cysteinesulphinate as amino-group donors, 
and both «a-oxoglutarate and oxaloacetate as 
amino-group acceptors; oxomalonate is a good 
inhibitor but a poor substrate. 

3. Kinetic data, and the constancy of ratios 
throughout purification, strongly suggest that one 
enzyme is involved in transaminations between 
glutamate, cysteate, cysteinesulphinate and oxalo- 
acetate. 

4. The substrate specificity of purified pig-heart 
transaminase is similar to that of the enzyme from 
cauliflower, except that oxomalonate is a better 
substrate for the pig-heart enzyme. 

5. The possibility that the transamination of 
cysteinesulphinic acid may be involved in the path- 
way of sulphur reduction is discussed. 


We wish to thank Professor T. A. Bennet-Clark, F.R.S., 
for the provision of laboratory facilities. One of us (R. J. 
Ellis) is indebted to the Department of Scientific and 
Industrial Research for a maintenance grant, during the 
tenure of which this work was performed. The contents of 
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this paper constitute a part of a thesis submitted by R. J. 


Ellis to the University of London in partial fulfilment of 


the requirements for the Ph.D. degree. 
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Glutamic—Oxaloacetic Transaminase of Cauliflower 


2. KINETICS AND MECHANISM OF ACTION 


By D. D. DAVIES* anp R. J. ELLISt 
Department of Botany, King’s College, London 


(Received 6 September 1960) 


The kinetics of glutamic—oxaloacetic transamin- 
ase have been investigated with crude prepara- 
tions from pig heart (Nisonoff & Barnes, 1952) and 
maize-root tips (Cook, 1957). In both cases, the 


Kinetic data were explained in terms of a ternary 


complex formed between the enzyme and its two 
substrates. Nisonoff & Barnes derived a rate law 
by a modification of the treatment introduced by 
Van Slyke & Cullen (1914). Their assumption of 
irreversible combination of enzyme with substrate 

* Present address: C.S.I.R.O. Unit of Plant Physiology, 
University of Sydney, Sydney, Australia. 

+ Present address: A.R.C. Unit of Plant Physiology, 
Imperial College of Science and Technology, London. 





could conceivably be valid for an irreversible 
reaction, but can hardly be justified for the readily 
reversible transamination. The general case of the 
mechanism proposed by Cook when treated by the 
steady-state assumption leads to a rate equation of 
quadratic form, but when treated by the equi- 
librium assumption leads to a rate equation which 
gives a linear Lineweaver—Burk plot (Haldane, 
1930). 

Both treatments are unsatisfactory in that they 
fail to recognize the participation of pyridoxal 
phosphate and pyridoxamine phosphate in trans- 
amination. On the basis of model experiments by 
Snell (1945), Schlenk & Fisher (1947) proposed a 
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binary mechanism for transamination which may be represented as follows: 


Ep, + glutamate — Egcnig pase > Epy + «-oxoglutarate 


Epy + oxaloacetate — Egynigt base > Ep, + aspartate 


Sum: 


where E,, and E,y represent the pyridoxal and 
pyridoxamine forms of the enzyme respectively. 
The rate law for this mechanism has been given by 
Alberty (1956). More recently, spectrophotometric 
evidence giving strong support to the binary 
mechanism has been obtained (Snell & Jenkins, 
1959). In this paper an attempt is made to 
distinguish between the two mechanisms on the 
basis of enzyme kinetics, and some data on the 
cofactor requirements of a plant transaminase are 
reported. 


METHODS AND MATERIALS 


Materials. All the chemicals used except «-oxoglutarate 
were commercial preparations. The a-oxoglutarate was 
prepared by the method described in Organic Syntheses (26, 
42, 1946), and had a melting point of 112° (uncorr.); the 
sample gave a negligible oxygen uptake when added to an 
active succinoxidase preparation from pigeon-breast 


muscle. Malic dehydrogenase was purified from pig heart 
by the method of Wolfe & Neilands (1956). Glutamic— 
oxaloacetic transaminase was prepared from cauliflower 
florets as described in the preceding paper (Ellis & Davies, 
1961). 

Measurement of enzyme activity. Initial velocities were 
determined by measuring the change in Eg ,,,, due to the 


Initial velocity 


"sna 6 OU 70 75.80 


pH 


Fig. 1. pH-activity curve of cauliflower glutamic— 
oxaloacetic transaminase. Transaminase purified to step 2 
(Ellis & Davies, 1961) was diluted with cold water until the 
concentration of phosphate buffer was 5mm™ at pH 7-0. 
Neutralized L-aspartate (0-5 ml., 150ymoles), 0-5 ml. of 
neutralized «-oxoglutarate (75pmoles) and 1-5ml. of 
potassium phosphate buffer (0-2m, at the required pH) 
were placed in a l-cm. silica cell. Enzyme (0-5 ml.) was 
added to start the reaction, and the increase in Eggo, 
measured for 3 min. In this way, the effects of pH on the 
stability of the enzyme were minimized. The pH was 
checked after the assay had been completed. Initial 
velocity equals the increase in H/min. 


Glutamate + oxaloacetate — «-oxoglutarate + aspartate, 


production or disappearance of oxaloacetate. Measure. 
ments were made in a Unicam SP. 500 spectrophotometer 
fitted with a constant-temperature cell-holder, readings 
being taken at 5-10 sec. intervals for 2-3 min. after the 
addition of the last component to the assay system. On 
some occasions the production of oxaloacetate was deter- 
mined by coupling with malic dehydrogenase and measur. 
ing the oxidation of reduced diphosphopyridine nucleotide 
at 340 mp. The dehydrogenase preparation used contained 
a trace of transaminase, whose activity was allowed for 
by control assays. All assays were performed in potassium 
phosphate buffer (0-2m). A pH of 7-5 was used for the 
evaluation of kinetic constants, and a pH of 7-0 for other 
experiments, the pH-activity curve being almost flat 
between these values (Fig. 1). Kinetic constants were 
measured at 30° in cells of 1 cm. and 4 em. light-paths; the 
effects of activators and inhibitors were studied at 20° or 
at 30°. 

In the standard assay, L-aspartate (150 umoles), potas- 
sium phosphate buffer (pH 7-0, 0-2m) and enzyme were 
incubated for 10 min. at 20° before the addition of «-oxo- 
glutarate (75 moles) to start the reaction in a final volume 
of 3 ml. Under these conditions a unit of enzyme activity 
is defined as the amount of enzyme that will cause an 
increase in Egg ,,,, of 0-01/min. Specific activity is defined 
as units/mg. of protein. 


RESULTS AND DISCUSSION 


Activation by pyridoxal 5-phosphate and 
pyridoxamine 5-phosphate 


The activity in a crude extract of cauliflower was 
not appreciably increased by either of the cofactors, 
but a twofold to threefold activation was observed 
after ammonium sulphate fractionation. The time 
course of the activation was studied by incubating 
the partially resolved enzyme at 20° with an 
equilibrated mixture of aspartate (150yumoles), 
pyridoxal phosphate (140um) and _ phosphate 
buffer (pH 7-5, 0-2m) for measured time intervals 
before the addition of «-oxoglutarate (75 moles) to 
start the reaction. The plots of # against time were 
slightly convex to the time axis, presumably due to 
the continued combination of cofactor and 
apoenzyme during the period of assay. The initial 
velocity was taken to be the tangent to the curve. 
The results (Fig. 2) show that to obtain full 
activation an incubation period of approximately 
10 min. at 20° is required. Similar experiments 
with pyridoxamine phosphate demonstrated that 
the rate of activation was much slower than that 
observed with an equal concentration of the 
pyridoxal form of the cofactor. Increasing the 
concentration of pyridoxamine phosphate in- 
creased the rate of activation (Fig. 2). 
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Purified preparations of enzyme activated with 
either of the two forms of cofactor were dialysed 
against a running stream of phosphate buffer 
(0-0lm, pH 7-0) at 3-4° at a rate of 1-21./hr. for 
periods up to 48 hr. No increase in activity was 
produced by incubating these dialysed solutions 
with either cofactor before assay. These results are 
similar to those which Meister, Sober & Peterson 
(1954) obtained with the transaminase from pig 
heart. 
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Fig. 2. Activation of transaminase by pyridoxal 5- 
phosphate and pyridoxamine 5-phosphate. Samples 
(0-1 ml.) of 67-fold purified transaminase were placed in a 
l-cm. silica cell with 0-1 ml. of cofactor and 0-5 ml. of L- 
aspartate (150 wmoles) in phosphate buffer (0-2m, pH 7-5); 
after incubation at 20° for various intervals of time, «-oxo- 
glutarate (75 moles) was added to bring the volume. to 
3ml. The rise in M59, Was measured for 3 min. Initial 
velocity equals the rise in H/min. The concentration of 
pyridoxal 5-phosphate in the incubation mixture was 
140um (@); that of pyridoxamine 5-phosphate was 
0-9 mm (©) and 140yum (A). The square on the ordinate 
indicates the initial velocity in the absence of added 
cofactor. 


KINETICS OF PLANT TRANSAMINASE 


Inhibition by isoniazid 


The anti-tubercular drug isoniazid (isonicotinic 
acid hydrazide) inhibits a number of enzymes 
known to require pyridoxal phosphate for activity. 
Evidence has been presented which supports the 
view that inhibition of these enzymes is the result 
of interaction between the aldehyde group of 
pyridoxal phosphate and the hydrazide (Davison, 
1956; Hicks & Cymerman-Craig, 1957). 

A preparation of the enzyme, purified to step 2 
(see preceding paper), was incubated with isoniazid 
(10 mm) for 30 min. at 37°, then cooled and diluted 
fourfold with phosphate buffer before the activity 
was measured under standard conditions. This 
activity was compared with that of controls in 
which isoniazid was omitted, and others in which the 
enzyme was incubated with pyridoxal phosphate 
before assay. A correction was made for the non- 
enzymic reaction between isoniazid and «-oxo- 
glutarate which leads to an increase in Eggo ,,,,,- The 
results (Table 1) show that isoniazid inhibits the 
transaminase, and that the inhibition is relieved by 
pyridoxal phosphate but not by pyridoxal. In- 
hibition was not observed when the incubation was 
carried out at 20°. 


Relationship between initial velocity 
and enzyme concentration 


Crude and purified preparations of the enzyme 
showed a linear relationship between low initial 
velocities and enzyme concentration, but the 
velocities at higher enzyme concentrations were 
less than those expected by extrapolation of the 
lower values. The non-linearity was observed when 
the transamination reaction was assayed in either 
direction, and the extent of linearity was greater in 
the purified than in crude preparations (Fig. 3). 
The enzyme was not inhibited by the addition of 
boiled enzyme, and prolonged dialysis did not 
relieve the non-linearity. 


Table 1. Inhibition by isoniazid 


Enzyme purified to step 2 (Ellis & Davies, 1961) was incubated with isoniazid (10 mm) for 30 min. at 37° in 
phosphate buffer (0-2m, pH 7-0); after being cooled in ice, and diluted fourfold with buffer, 0-5 ml. samples were 
assayed in l-cm. silica cells by the standard method (see Methods and Materials section) with and without prior 
incubation with pyridoxal 5-phosphate (0-1 mm) or pyridoxal (0-1 mm) for 10 min. at 20°. The ratio «-oxoglut- 
arate/isoniazid in the assay cell was 60. The non-enzymic reaction between isoniazid and «-oxoglutarate gave an 
apparent transaminase activity of 2-8 units; this figure must be subtracted from the figures given below for the 
isoniazid-treated enzyme to give the true number of transaminase units. 


Treatment 


3° for 30 min. 
37° for 30 min. 
37° for 30 min. + isoniazid (10 mm) 


40 


Units/0-5 ml. 





= << — 
Without With 
pyridoxal pyridoxal With 
5-phosphate 5-phosphate pyridoxal 
14-7 19-0 — 
13-5 18-8 —_ 
5-2 18-7 5-0 
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The reason for non-linearity, which is a common 
feature among transaminases, remains obscure. 
The most usual explanation for non-linearity is the 
presence of a dissociable inhibitor in the enzyme 
preparation. Banks, Oldham, Thain & Vernon 
(1959) consider this explanation unlikely for the 
pig-heart enzyme, because non-linearity is found at 
all levels of purification and the enzyme is not 
inhibited by the addition of a boiled extract of pig- 
heart muscle. However, if the inhibitor was a 
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Fig. 3. Variation of initial velocity with enzyme concentra- 
tion. A. The glutamate—oxaloacetate reaction was assayed 
in a crude extract (specific activity 2-3) and a purified 
fraction (specific activity 568) prepared from it. The 
enzyme was incubated with L-glutamate (600 umoles) and 
pyridoxal 5-phosphate (0-1 mm) for 10min. at 20° in 
phosphate buffer (0-2m, pH 7:5); oxaloacetate (6 umoles) 
was added to start the reaction in a final volume of 3ml. at 
20°. Initial velocity equals the decrease in Epo ,,,/min. 
corrected for the non-enzymic reaction (see Fig. 4). B. The 
aspartate—x-oxoglutarate reaction was assayed in the same 
fractions as were used in A, L-aspartate (150 moles) 
replacing the glutamate and a-oxoglutarate (75 umoles) 
replacing the oxaloacetate. Initial velocity equals the 
increase in Ey9,,,,/min. O, Purified enzyme; @, crude 
extract. The values on the abscissae of graphs A and B refer 
to the crude extract; these figures must be divided by 100 
to give the concentration of protein for the purified enzyme. 
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protein, it would not appear in the boiled extracts 
or be removed on dialysis. It is possible that the 
enzyme shows self-inhibition; thus if the enzyme 
contains a y-glutamyl end group, the end group of 
one molecule might react with the pyridoxal 
phosphate associated with the active site of 
another enzyme molecule. 


Determination of kinetic constants 


The purified transaminase was incubated with 
pyridoxal phosphate (0-5 mm) for 1 hr. at 20° to 
ensure complete reactivation; the preparation was 
then dialysed for 5 hr. at 3—4° against a running 
stream of phosphate buffer (0-05m, pH 7-5) to 
remove excess of cofactor. The enzyme concentra- 
tion used in the kinetic experiments was kept low, 
so as to fall on the linear part of the curve relating 
velocity to enzyme concentration. The variation of 
initial velocity with substrate concentration was 
studied by keeping one substrate at a constant 
high concentration whilst varying the concentra- 
tion of the other. Silica cells of light-path 4 cm. 
were used on some occasions to give increased 
sensitivity, and duplicate determinations were 
made at each concentration of substrate. Oxalo- 
acetic acid was dissolved immediately before use, 
and calibration curves (Fig. 4) were used to correct 
for the amino acid-catalysed decarboxylation of 
oxaloacetate. Some of the results of these experi- 
ments are shown in Figs. 5-7. 

The intercept on the 1/V axis is the reciprocal of 
the apparent maximum velocity, the true maximum 
velocity being attained when both substrates are at 
infinite concentration. In the plots shown in 
Figs. 5-7, the concentration of one substrate is 
extrapolated to infinity whilst the concentration of 
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Fig. 4. Glutamate-catalysed decarboxylation of oxalo- 
acetate. A. Varying amounts of L-glutamate were added to 
freshly dissolved oxaloacetate (6 wmoles) in a final volume 
of 3 ml. of phosphate buffer (0:2m, pH 7-5) in l-cm, silica 
cells at 30°. The decrease in Hoe m,, WaS measured for 3 min. 
B. Various amounts of freshly dissolved oxaloacetate were 
added to u-glutamate (450 moles) under the conditions 
described in A. V is the decrease in H/min. Similar cali- 
bration curves were made for cysteate and cysteine- 
sulphinate. 
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the second substrate is kept constant (B). If Kz 
represents the concentration of the second sub- 
strate which gives half-maximum velocity, then for 
both binary and ternary mechanisms, the ap- 
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Vv v 
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0 


50 100 0 50 
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0 
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op 


15 25 
1/[Oxaloacetate] (mm) 


Fig. 5. Variation of initial velocity with substrate concen- 
tration. Reactivated transaminase (specific activity 148) 
was mixed with the substrates in a final volume of 3 ml. of 
phosphate buffer (0-2m, pH 7-5) in 1-cm. silica cells at 30°. 
The concentration of oxaloacetate when L-glutamate was 
varied was kept constant at 2 mm; that of L-glutamate when 
oxaloacetate was varied was 150 mm. V is the decrease in 
Bo m,/min. corrected for the non-enzymic reaction (see 


Fig 4). 
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‘Fig. 6. Variation of initial velocity with substrate concen- 


tration. Reactivated transaminase (specific activity 148) 
was mixed with the substrates, excess of malic dehydro- 
genase, and reduced diphosphopyridine nucleotide (0-3 mg.) 
in a final volume of 12 ml. of phosphate buffer (0-2, 
pH 7-5) in 4-cm. silica cells at 30°. When L-aspartate was 
varied, the concentration of «-oxoglutarate was kept at 
15 mm; when «-oxoglutarate was varied, the concentration 
of L-aspartate was kept at 20mm. V is the decrease in 
E49 my/min. corrected for a small blank reaction due to a 
trace of transaminase in the malic dehydrogenase. 
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parent maximum velocity (V,,,,) is related to the 
true maximum velocity (V,,,,.) by the expression: 


K, 
F a = V a, (14 2): 


The evaluation of V,,,,. thus requires the value 
Ky. The slopes of the double reciprocal plots 
shown in Figs. 5 and 6 give the ratio 


Conen. of substrate giving 0-5 Vu. TES tera 


= 7 
V, i app. 


app. 
For the ternary mechanism proposed by Cook, 
Ky (app equals Kg, but this is not so for the binary 


mechanism. Representing the transamination 
reaction as: A+B->C+D, 
the rate law for the ternary mechanism is: 

ail 








~ IV4K,\ (14+Ke\’ 
A B 
where V is the initial velocity and A and B are 
the concentrations of the two substrates. Let A be 


held constant, and let b be the concentration of the 
second substrate giving half the apparent maximum 


velocity. Then K 
Us app. (1 ce =) 











we kee p= ; 
A 7. 
from which K, = 6, and similarly K, = a. The 
rate law for the binary mechanism is 
oo 
V= 
Ea Be 
4a SB 
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Fig. 7. Variation of initial velocity with substrate concen- 
tration. Reactivated transaminase (specific activity 568) 
was mixed with the substrates in a final volume of 3 ml. of 
phosphate buffer (0-2m, pH 7-5) in 1-cm. silica cells at 30°. 
The concentration of oxaloacetate was kept constant at 
2mm, the compound being dissolved immediately before 
use. V is the decrease in Eo ,,/min. corrected for the non- 
enzymic reaction. 


40-2 











628 


D. D. DAVIES AND R. J. ELLIS 


For the same conditions as above, we have 


therefore 


Similarly, 


Combining these two equations gives: 


Bb (A+a) 
AB—ab 


Ky = 


= a+a- 


Table 2. 


; K 
J app. (1 + 1) 


Ks 


B° 


Aa (B +b) 


and K, = 


AB—ab 
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It is thus possible to calculate the true Michaelis 
constants from the data provided in Figs. 5 and 6, 
The calculated values are shown in Table 2, which 
also includes a number of other determinations, 
The values of apparent maximum velocity were all 
obtained with the same enzyme preparation on the 
same day; the apparent Michaelis constants were 
obtained on different occasions. In those cases 
where the activity was measured by means of 
oxaloacetate reduction, excess of malic dehydro- 
genase was always present to ensure that the trans- 
amination was rate-determining. 

Figs. 5 and 6 show that the enzyme activity is 
inhibited by high concentrations of the keto acids. 
It has been assumed that extrapolation of values 
obtained at low concentrations gives a _ valid 


Kinetic constants of cauliflower glutamic—oxaloacetic transaminase 


A. The observed kinetic constants were obtained from Lineweaver—Burk double reciprocal plots. All assays 
were performed in potassium phosphate buffer (0-2m, pH 7-5) at 30°. The samples of enzyme were purified 
67-fold (specific activity 148) and 224-fold (specific activity 568). 


Substrate 


varied 


Glutamate 


Oxaloacetate 


Aspartate 


a-Oxoglutarate 


Cysteate 


Cysteinesulphinate 


Conen. of 
other substrate 
(mm) 


Oxaloacetate 


bo bo bo bo 


Glutamate 
150 
150 


a-Oxoglutarate 

15 

15 
Aspartate 

20 

50 
Oxaloacetate 

9 


s 


Oxaloacetate 
9 


B. The observed kinetic constants were 


Wavelength 
of assay 
method 

(mp) 


280 
280 
280 
280 


280 
280 


340 
280 


340 
280 


280 


280 
280 






corrected by the equations for the binary and ternary complex 


Light-path Apparent Apparent 
of assay Specific Michaelis maximum 
cell activity constant (K,,) velocity 
(cm.) of enzyme (mm) (Voce) 
1 148 37 
1 148 31 | 
1 568 35 whee 
1 568 4] 
1,4 148 0-11 oe 
4 568 0-06} om 
4 148 7-4) 99 
4 568 71) — 
4 148 0-50 _— 
4 568 0-66} 7 
] 148 100 —- 
1 568 66 ) - 
1 568 58 J _— 





mechanisms (see text). The values of V,,,, and V,,,., are given in terms of the change of Eggy mp/min, 





Substrate 


Glutamate 


Oxaloacetate 


Aspartate 


a-Oxoglutarate 


Reaction 


Glutamate—oxaloacetate 
Aspartate—x-oxoglutarate 


apparent K,, 


Average J 


True K,, 
(corrected by 
binary equation) 


Average 


(mm) (mm) 
36 38 
0-084 0-105 
7-25 75 
0-66 0-76 


V max, (corrected V,,,, (corrected 


by binary by ternary 

ey equation) equation) 
0-103 0-119 0-116 
0-0375 0-042 0-041 
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estimate of the apparent maximum velocity and 
the apparent Michaelis constant. Another more 
difficult situation arises when the keto acid is 
maintained at a constant high concentration. 
Inhibition is greatest at low concentations of the 
amino acid under these conditions, and this leads 
to an overestimate of the apparent maximum 
velocity and Michaelis constant. Theoretically, 
this effect can be minimized by using a lower con- 
stant concentration of the keto acid, but it then 
becomes technically difficult to measure true 
initial rates. In practice a compromise has to be 
made and the resultant uncertainty reduces the 
incisiveness of kinetic tests. 

A possible explanation of the observed inhibition 
by keto acids may be made in terms of the binary 
mechanism. When the enzyme is in the pyridoxal 
form, a keto acid may nevertheless combine with 
the protein and thereby inhibit the formation of a 
Schiff base between the enzyme-bound pyridoxal 
phosphate and the amino acid substrate. 


Kinetic tests to distinguish between binary 
and ternary complex mechanisms 


Haldane relationships. Haldane (1930) first 
showed that there is a simple relationship between 
kinetic constants and the equilibrium constant. 
The Haldane relationships for the two mechanisms 
under discussion have been given by Alberty 
(1956). For the ternary complex mechanism 
Vy KoK 
equil. = 7 x = 

R 


K a 
KK, 


and for the binary mechanism 

Kc _ (Vy)? - K. Ky 

equi. ~ 777 2" eK’ 
(V;,)? KK, 

where V, and V, represent the maximum veloci- 
ties of the forward and reverse reactions, and K,, 
Ky ete., represent the Michaelis constants of the 
substrates. With the values given in Table 2, the 
ternary mechanism gives 


0-116 





7:25 x 0-66; 


ea) me ee ae : = 4:5 
caull. = 9-041 © 36-0x 0-084. 
and the binary mechanism gives 
(0-119)? 7-5 x 0-76 i 
--—— < = 1}:5. 





= x 
equil, (0-042)? 38-0 x 0-105 


The equilibrium constant determined by Krebs 
(1953) is 6-74, and the value determined by Banks 
et al. (1959) is 6-5. It follows that the kinetic data 
are not sufficiently accurate to discriminate 


between the two mechanisms. 

In passing, mention may be made of the report 
by Grisolia & Burris (1954) that the aspartate— 
«-oxoglutarate transamination catalysed by puri- 
fied pig-heart transaminase failed to reach comple- 
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tion when oxaloacetate was continuously de- 
carboxylated by means of ethylenediamine-—citrate 
buffer ; pyruvate did not inhibit the transamination. 
Removal of oxaloacetate by malic dehydrogenase 
from an equilibrium mixture of substrates resulted 
in the continuous production of more oxaloacetate 
by the cauliflower enzyme, thus allaying any 
doubts about the effects of an ‘immovable’ 
equilibrium on the interpretation of the kinetic 
data. 

Effect of varying both substrates simultaneously. 
When substrates A and B are varied simultaneously 
and A is always kept equal to B, the rate law for the 
binary mechanism may be written: 

V = ae , 
ta, 3 
1+ A - A 
Thus when V,,,/V = 2:0, then A = K,+K,. 
For the ternary mechanism, 


V Bes 
- » he on oo? 
ee 
A A A? 
from which, when V,,,,/V = 2-0, 

A = HK ,+Kgt VU(Ks)?+ 6K Ky + (Ks)"h}- 
Substituting the values given in Table 2 leads to 
the following values of aspartate (or «-oxoglutar- 
ate) at which V,,,,/V equals 2-0: binary mech- 
anism, 8-2 mm; ternary mechanism, 8-4 mm. These 
values are too close to provide a test between the 
two mechanisms. 
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Fig. 8. Variation of initial velocity when both substrates 
are varied simultaneously. A. Reactivated transaminase 
(specific activity 568) was mixed with equimolar solutions 
of L-aspartate and «-oxoglutarate in 12 ml. of phosphate 
buffer (0-2m, pH 7-5) in 4-cm. silica cells at 30°; V is the 
rise in Lg9 ,,,/min. B. The assays were performed as in 4, 
but excess of malic dehydrogenase and reduced diphos- 
phopyridine nucleotide (1-0 mg.) were also added; V is the 
decrease in F549 »,/min. corrected for a small blank re- 
action due to a trace of transaminase in the malic dehydro- 
genase. Curves 1 and 2 are the expected curves calculated 
on the basis of the ternary and binary complex mechanisms 
respectively (see text). The filled-in circles represent the 
points obtained by experiment. 


1/[Substrate] (mm) 
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However, the rate law for the binary mechanism 
gives a linear plot of 1/V against 1/A when A is 
kept equal to B: 
1 1 K,+K 1 
( fat =2) x 


tt. oe A’ 

The rate law for the ternary mechanism has a 
quadratic form, and hence the two mechanisms 
may be tested by comparing the experimental 
results with the two calculated curves. In Fig. 8A, 
some experimental points obtained by measuring 
the production of oxaloacetate at 280myp are 
plotted together with the calculated curves for the 
binary and ternary mechanisms. The greatest 
difference between the two curves is at low concen- 
trations of substrate. Consequently the effect of 
varying the substrates together was studied by 
coupling the transamination to the reduction of 
oxaloacetate by malic dehydrogenase, since this 
method of assay is about 12 times as sensitive as 
the 280 my method. The results shown in Fig. 8B 
support the binary mechanism. 

The binary mechanism for the action of the 
transaminase, which is supported by the available 
evidence, provides a role for the cofactors of the 
enzyme and also accounts for the phenomenon of 
the exchange of identical carbon chains. The obser- 
vation that a number of amino acids will trans- 
aminate with either oxaloacetate or «-oxoglutar- 
ate (Ellis & Davies, 1961) is also in agreement with 
the binary mechanism, since this mechanism can be 
interpreted in terms of a single active site at 
which all the substrates combine to form a Schiff 
base with the cofactor. The ternary mechanism, on 
the other hand, requires separate sites for the 
amino and keto acid reactants, and it is difficult to 
account for the above observations on this basis; 
for example, it would have to be postulated that 
cysteic acid and cysteinesulphinic acid can react 
at both of the two sites, or that oxaloacetate and 
a-oxoglutarate can both react at one site. This is 
tantamount to supposing that the two sites are 
very similar, and it therefore seems simpler to 
suppose that they are identical, in accordance with 
the binary mechanism. 


max. 


D. D. DAVIES AND R. J. ELLIS 


1961 
SUMMARY 


1. Purified cauliflower transaminase is stimu- 
lated by a maximum of threefold when incubated 
with pyridoxal 5-phosphate or pyridoxamine 5- 
phosphate. 

2. The enzyme is inhibited by isoniazid, and this 
inhibition is reversed by pyridoxal 5-phosphate. 

3. Determinations of several kinetic constants 
are reported; these constants provide evidence 
which supports a mechanism of enzyme action 
involving a binary complex. 


We wish to thank Professor T. A. Bennet-Clark, F.R.S., 
for the provision of laboratory facilities. One of us (R. J. 
Ellis) is indebted to the Department of Scientific and 
Industrial Research for a maintenance grant during the 
tenure of which this work was performed. The contents of 
this paper constitute a part of a thesis submitted by R. J. 
Ellis to the University of London in partial fulfilment of the 
requirements for the Ph.D. degree. 
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The Leaf Protease of Trifolium repens 


By C. J. BRADY 
Commonwealth Scientific and Industrial Research Organization, Fodder Conservation Section, 
Highett, Victoria, Australia 


(Received 15 June 1960) 


With the possible exception of bromelin (Murachi 
& Neurath, 1959), the proteolytic enzymes of the 
green leaves of non-latex-bearing plants have been 
studied very little in a direct and quantitative 
manner. In fact, a paper by Tracey (1948) appears 
to be the only report of detailed experimentation 
on this subject. This author studied the properties 
of a partially purified protease from the leaves of 
the tobacco plant, and determined protease 
activity, under standard conditions in the leaf sap 
of a number of other plants. Tracey concluded that 
the leaf proteases formed a group separated from 
the enzymes of the latex-bearing plants and from 
bromelin by their very much lower activity, but 
similar in being activated by reducing agents and 
having, for protein substrates, a pH optimum in the 
range 5—7. 

In recent years, there has been considerable 
interest in the changes in nitrogen distribution in 
starving leaves. A rapid breakdown of protein to 
non-protein forms of nitrogen occurs during the 
processes of wilting and ensilage (e.g. Kemble & 
Macpherson, 1954b; Kemble, 1956; Brady, 1960). 
Macpherson (1952a), from a comparison of the rate 
of breakdown of protein and the rate of fall of pH 
in grass sap, concluded that attainment of pH 4:3 
in ensilage prevents further proteolysis. Com- 
paratively little is known, however, of the factors 
directly affecting proteolysis in plant material. 
Obviously, more direct investigation of the pro- 
perties of the enzyme systems involved is desirable. 

This paper reports observations made on the 
proteolytic system in plants of Trifolium repens 
(white clover). The data refer to the clover enzyme 
acting on endogenous substrate and to its action on 
gelatin added as substrate. 


MATERIALS AND METHODS 


Preparation of crude enzyme system. White clover 
(Trifolium repens L.), Irrigation White strain, was grown 
in field plots at Highett, Victoria. Samples of clover were 
harvested about an inch above ground level from various 
places in the field plot. These samples were bulked, checked 
for botanical purity and freed from dead or diseased 
material. 

Juice was extracted by compressing the mixed leaflets 
and petioles with a spiral auger within the cone-shaped 


body of a mechanized juice-extraction unit (Fowlers 
Vacola Manufacturing Co. Ltd., Hawthorn, Victoria). The 
juice was filtered through a perforated stainless-steel plate 
and then through cloth. The fibre was thus removed from 
the disintegrated cells; most of the chloroplasts were re- 
covered apparently undamaged. After keeping the mixture 
overnight at -20°, coarse debris and soil particles were 
removed from the juice by centrifuging for 2 min. at 
2400g. After it was found that further centrifuging in- 
creased the specific activity of the juice (see Table 1), the 
period was increased to 10 min. When preliminary freezing 
was omitted much less material was removed in the centri- 
fuge, and aggregation of particles which occurred during 
incubation made subsequent sampling difficult. 

Protease activity was also determined on individual 
plants grown in small pots in the glasshouse. Juice was 
extracted from these plants with a small plant press (Pirie, 
1956), and the crude enzyme prepared as described above. 

Concentration of enzyme. The method of enzyme concen- 
tration used by Tracey (1948) was modified by the in- 
clusion of a dialysis step. Two modifications of the concen- 
tration procedure are compared in Table 2. Concentration 
resulted in a fivefold increase in the specific activity of the 
protein, and in the removal of small molecules which were 
possible sources of interference in the analytical procedures. 

A large batch of juice was treated according to schedule B 
(Table 2), and the enzyme solution concentrated in a 
forced draught at 2°. The concentrated enzyme was divided 
into small lots and stored at — 20°. This preparation showed 
no loss of activity over a period of 9 months. 

Incubation media. Crude preparations were examined 
for action on endogenous substrate by adjusting to pH 6-0 
(original pH 5-6-6-1), and incubating 5 ml. of juice with 
1 ml. of a solution of activator or of inhibitor or 1 ml. of 
water. Activity on gelatin substrate was determined in a 


Table 1. Proteolytic activity in centrifuged 
juice samples 


Proteolytic activity is expressed as increase in «-amino 
nitrogen (mg./mg. of clover nitrogen/ml.) during incuba- 
tion for 5hr. at 45° in a system containing 18 mg. of 
gelatin, 0-0375m-disodium hydrogen phosphate, 0-0125m- 
potassium dihydrogen phosphate, 0-02m-sodium thioglycol- 
late and a clover-nitrogen range from 2-72 to 1-74 mg./ml. 
The pH was 6-0. 


Centrifuging Proteolytic 
treatment activity 
Nil 0-010 
2 min. at 500g 0-012 
5 min. at 1000g 0-013 
10 min. at 24008 0-017 
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Partial purification of clover-juice protease 


Data refer only to the supernatant fractions. Specific activity was in all cases less than 100 in the precipitates. 
In each schedule, the recovery of protease units in the purified fraction was in the region of 20%. (For definition 


of protease units see text.) 


Treatment 


Schedule A 


) Crude enzyme 

2) Heated, 10 min. at 55 

3) 5% (v/v) Ethanol, pH 4-2 
) 


diaminetetra-acetate 
(5) Dialysed, 16 hr. at 4°, against water 


Dialysed, 16 hr. at 4°, against 0-5 mm-ethylene- 


Schedule B 


Crude enzyme 
Heated, 10 min. at 55° 


water for 4 hr. at room temp. 


medium with 1 ml. of enzyme in a final volume of 5 ml., 
with a gelatin concentration of 24 mg./ml., disodium mono- 
hydrogen phosphate 0-0375 m-mole/ml. and potassium 
dihydrogen phosphate 0-0125 m-mole/ml.; pH 6-0. The pH 
was adjusted at the incubation temperature (normally 45°). 
The gelatin used was obtained from Townson and Mercer, 
Melbourne, Victoria, and material from the same batch was 
used in all experiments. 

After the addition of sufficient chloroform or toluene to 
saturate the medium, samples were taken for determining 
the zero-time level of «-amino nitrogen. Assays were 
carried out in an atmosphere of nitrogen in Thunberg tubes 
incubated in a water bath. After incubation the media 
were mixed and sampled for analysis. When observations 
were made at a number of time intervals, larger lots of 
media were incubated in conical flasks and sampled as 
required. 

Protease activity was expressed as the increase in the 
a-amino-nitrogen concentration. Unit activity is defined 
as an increase in «-amino nitrogen of 1 mg. during incuba- 
tion for 24 hr. at 45°, at pH 6-0. When enzyme samples, 
previously immersed for 2 min. in a boiling-water bath, 
were used in the assay conditions no activity could be 
demonstrated. 

Although a gas phase of nitrogen was always used in 
assays, there was little evidence that this was really 
necessary. Assay results were the same in nitrogen or 
hydrogen, and differed in an atmosphere of oxygen only 
when the juice contained no added substrate and no thio- 
glycollate. 


Analytical methods 


Total nitrogen. Total nitrogen was determined by a 
semi-micro-Kjeldahl procedure (McKenzie & Wallace, 
1954). 

Soluble nitrogen. For the determination of soluble nitro- 
gen 10 g. wet wt. of minced tissue or of crude enzyme was 
extracted for 1 hr. under reflux with ethanol of final con- 
centration 80% (v/v). The extract was removed by filtra- 
tion and the residue twice more extracted under reflux with 
80% (v/v) ethanol. Extracts and washings of the_residue 
were made to 500 ml., and the nitrogen content was 
estimated by the micro-Kjeldahl procedure. 


) 
(2) Dialysed, 48 hr. at 4°, against water (two changes) 
) 


5% (v/v) Ethanol, pH 4-2, then dialysis against 


Protease 
Protease Protein N (units/g. of 
(unit/ml.) (mg./ml.) protein N) 
0-400 4-00 100 
0-265 1-07 248 
0-207 0-75 274 
0-084 0-19 443 
0-093 0-19 487 
0-400 4-00 100 
0-146 0-56 259 
0-147 0-43 343 
0-082 0-15 537 


Soluble non-protein nitrogen. Soluble non-protein nitro- 
gen was that portion of the soluble nitrogen soluble in cold 
10% (w/v) trichloroacetic acid. 

Steam-volatile nitrogen. Steam-volatile bases in the 
soluble-nitrogen extracts were determined by steam- 
distillation of 10 ml of extracts for 10 min. (25 ml. of 
distillate) in the presence of borate buffer, pH 9-5. 

Ammonia nitrogen. Ammonia was determined by a 
microdiffusion technique (Conway, 1957). 

Amide nitrogen. Amide nitrogen was expressed as the 
increase in ammonia nitrogen after heating for 3 hr. at 
100° in N-H,SO,. 

a-Amino nitrogen. For the determination of «-amino 
nitrogen the copper-chelation method of Pope & Stevens 
(1939) as modified by Schroeder, Kay & Mills (1950) was 
used, with the exception that the titration method of 
Sully (1955) was employed. The «-amino-nitrogen content 
was calculated assuming 2 atoms of «-amino nitrogen/atom 
of copper titrated. 

The Pope & Stevens (1939) reagent shows considerable 
reactivity with peptides and some proteins, including 
gelatin. The supernatant of a sample to which ethanol had 
been added to a final concentration of 80% (v/v) gave an 
appreciably lower «-amino-nitrogen titre than did the 
sample before treatment. However, when comparisons 
were made of the increment during incubation, as indi- 
cated by «-amino-nitrogen determinations on untreated 
and ethanol-treated samples, the two values always 
corresponded very closely. Analysis was usually made 
without ethanol treatment. Enzyme action was stopped by 
placing the diluted sample in a boiling-water bath for 
2 min. This treatment was without effect on the apparent 
a-amino-nitrogen content. After boiling, all samples were 
maintained with a slight excess of iodine for about 30 min., 
and then excess of iodine was removed with 0-004y- 
thiosulphate. The iodine treatment served to minimize 
interference during the subsequent iodimetric determina- 
tion of the solubilized copper. During extensive use of the 
method under these conditions the coefficient of variation 
due to analysis has always been well below 1%. 

A number of substances tested as inhibitors were found 
to interfere with the copper-chelation method. In some 
cases the preliminary iodine treatment removed this inter- 
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ference. In other cases the chloramine-T method (Kemble 
& Macpherson, 1954a) was used to estimate «-amino 
nitrogen. This method gave substantially lower values 
for «-amino-nitrogen concentration than the Pope & 
Stevens method, and the increment due to incubation 
was usually about 80% of that indicated by the copper 
method. 

Tracey (1948) found that the only substance present in 
tobacco-leaf extracts which was likely to invalidate the use 
of the Pope & Stevens (1939) method as an index of proteo- 
lysis was citric acid. In the present work citric acid has not 
been found in the clover samples either before or after 
incubation in amounts sufficient to cause significant inter- 
ference. 

Peptide nitrogen. For determination of the peptide- 
nitrogen content, samples of the media were deproteinized 
by ethanol (80%, v/v), evaporated almost to dryness in a 
boiling-water bath and then heated under reflux in 6N- 
HCl at 110° for 24 hr. The acid was removed under vacuum 
at 45° and the hydrolysate was dissolved in borate buffer, 
pH 9-5. «-Amino nitrogen was determined on the depro- 
teinized samples by the Pope & Stevens (1939) procedure, 
before and after hydrolysis, and the peptide nitrogen was 
obtained by difference. 

Since peptides in general chelate one atom of copper per 
molecule as against the one half-atom bound per molecule 
of free amino acid (e.g. Spies & Chambers, 1951), an error is 
involved in estimates of mixtures containing free and 
bound «-amino nitrogen. The most certain estimate is of 
extracts after hydrolysis, when the conversion factor is 
completely appropriate. Before hydrolysis, however, the 
number of molecules binding copper will be overestimated 
by an amount dependent on the proportion of peptide 
molecules. As a result the «-amino nitrogen released by 
hydrolysis will be an underestimate of peptide nitrogen, 
the extent of the error being dependent on the chain length 
of the peptides involved. 
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RESULTS 


In Table 3, a comparison is made of the changes 
in nitrogen distribution in clover leaves ensiled 
over chloroform, and in a comparable juice sample 
incubated over chloroform. The changes in distri- 
bution are qualitatively the same, and also show 
remarkable quantitative agreement. It follows 
that juice samples reflect the pattern of nitrogen 
distribution found in clover leaves autolysing 
anaerobically, and therefore differ from the pattern 
found in starving leaves incubated aerobically in a 
wilting or non-wilting condition (Macpherson, 
1952a, b). 

Table 3 shows that, besides «-amino nitrogen, 
changes in the peptide, volatile, amide and residual 
or unaccounted non-protein-nitrogen fractions 
occur in incubated juice. These changes may place 
limitations on the use of «-amino nitrogen as a 
measure of protein breakdown. The increase in 
ammonia concentration has been found in all 
clover-juice samples examined whether chloroform 
toluene or both chloroform and toluene are used as 
bactericides. The absence of bacteria in the media 
has been demonstrated by plating methods. The 
formation of ammonia has, in a number of cases, 
been accompanied by a fall in the amide content, 
but in no case has this fall amounted to more than 
a third of the ammonia formed. At least part of 
the ammonia increment may represent a loss of 
%-amino nitrogen by deamination. 

The ‘unaccounted non-protein nitrogen’ repre- 
sents the non «-amino nitrogen of lysine, arginine 


Table 3. Nitrogen redistribution in clover leaves ensiled over chloroform 
and in clover juice incubated over chloroform 


Incubation temperature, 30°. ‘Unaccounted non-protein N’ represents soluble non-protein N less the total of 
amide, steam-volatile, «-amino and peptide N. As this estimate is based on the «-amino N content after hydrolysis 
(i.e. the sum of «-amino and peptide N) it is free from any ambiguity about the conversion factor from the chelated- 
copper determination (see text). L.8.D. (5% and 1%), least significant differences at 5% and 1% levels. 


Nitrogen (% of total N) 








as —- 
Un- 
Total N Soluble accounted 
% of dry non- Steam- ; , non- | 
Treatment matter) Soluble protein N a-Amino Peptide volatile Ammonia Amide protein N 
0 hr. 5-4 28-0 28-3 4-4 9-7 1-1 0-6 3-7 9-0 
Ensiled 2 hr. 5:3 37°8 38-0 5-9 11-4 1-1 0-6 4-4 15-2 
named’) 24 hr. 5-2 63-6 63-0 20-8 10-7 1-7 1-6 4-2 25-6 
(48 hr. 5-2 76-7 75:9 26-0 15-1 2-2 1-8 4-9 27-7 
(mg./ml.) 
0 hr. 5:0 27-9 27-5 6-8 71 1:0 0-6 4-4 8-2 
Juice [ 4 hr. 4-7 49-6 49-3 14-6 8-8 1:3 0-8 5-3 19-3 
) 24 hr. 4-7 63-8 64-1 22:9 10-0 2-6 2-2 5-4 23-2 
(4s hr. 4:8 64-7 64-9 23-8 11-1 3-1 2-6 5-0 21-9 
L.8.D. (5%) 2-6 2-7 0-9 1-4 0-2 0-2 0-7 = 
L.S.D. (1%) 3-6 3-8 1-4 1-9 0-3 0-3 1-0 _ 
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Ninhydrin-reacting substances found on two-dimensional chromatograms of incubation media 


Chromatograms were on Whatman no. 1 paper, with butanol—acetic acid—water (4:1:5) and water-saturated 
phenol, pH 5:5, as solvents. Figures represent increasing intensity of the spots produced. In interpreting the 
figures due allowance must, of course, be made for the fact that some amino acids, e.g. glutamic acid, give very 
intense, and some, e.g. histidine, relatively weak spots with ninhydrin. System A, crude enzyme and endogenous 
substrate; system B, crude enzyme and added gelatin; system C, partially purified enzyme and added gelatin. 
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Fig. 1. Changes in nitrogen distribution in a sample of 
clover juice incubated at 25° and 50°: D, «-amino nitrogen, 
50°; O, peptide nitrogen, 50°; A, ammonia nitrogen, 50°; 
@, «-amino nitrogen, 25°; @, peptide nitrogen, 25°; A, 
ammonia nitrogen, 25°. 


and histidine, hydrolysed nucleic acids and other, 
largely unknown, fractions. Decarboxylation of 
glutamic acid to y-aminobutyric acid would transfer 
nitrogen from the «-amino nitrogen to the ‘un- 
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accounted non-protein nitrogen’ columns of 
Table 3. This reaction has been reported as quanti- 
tatively important in the early hours of ensilage of 
grass (Macpherson & Slater, 1959). Examination 
of ethanolic extracts of ensiled clover leaves or of 
autolysing clover juice by two-dimensional paper 
chromatography have not, however, revealed any 
significant increases in the amounts of y-amino- 
butyric acid present. Nor, when 0-05m-glutamic 
acid was added to clover juice or the concentrated 
enzyme, could any y-aminobutyrate formation be 
detected chromatographically during incubation 
under the assay conditions. The chromatographic 
evidence (Table 4) indicates that no ninhydrin- 
detectable substances, not estimated as «-amino 
nitrogen, were formed in any quantity during the 
assays on either endogenous or gelatin substrate. 

Fig. 1 shows the changes in the concentrations of 
amino, peptide and ammonia nitrogen in a sample 
of clover juice incubated at 25° and 50°. At each 
temperature peptides accumulated during the 
initial stages of the reaction; subsequently most of 
the accumulated peptides were hydrolysed (in fact 
at 25° this phase continued till there was an 
apparent net loss of peptide nitrogen). 

Since, in the initial stages of the reaction, pep- 
tides are obviously a large proportion of the mole- 
cules bound to the copper of the Pope & Stevens 
(1939) reagent, the factor of two is here particu- 
larly inappropriate for estimates of «-amino 
nitrogen before hydrolysis, and the quantity of the 
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latter is overestimated; consequently bound «- 
amino nitrogen is underestimated. As the reaction 
proceeds these errors will decrease. These consider- 
ations indicate a rate of release of free «-amino 
nitrogen which is slower than that shown in Fig. 1, 
but remains at a relatively high rate for a longer 
period. When chloramine-T was used to measure 
a-amino nitrogen, the reaction appeared linear 
with respect to time over a longer period. Conse- 
quently, the ratio of activity (chloramine-T) to 
activity (copper-chelating) steadily increased, a 
result explicable in terms of the greater reactivity 
of the Pope & Stevens reagent with peptide 
nitrogen. 

Fig. 2 shows the changing concentrations of 
a-amino, peptide and ammonia nitrogen when the 
concentrated enzyme acts on a gelatin substrate. 


1-60 
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Time (hr.) 


Fig. 2. Changes in nitrogen distribution when concen- 
trated clover protease is incubated with gelatin at 45°, 
Clover nitrogen, 0-178 mg./ml.; gelatin, 24 mg./ml.; 
phosphate, 0-05mM, pH6-0. 0, «-Amino nitrogen; O, 
peptide nitrogen; A, ammonia nitrogen. 
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This system is characterized by (1) a very large 
accumulation of peptide nitrogen, (2) an extended 
reaction time before equilibrium is reached, and 
(3) a negligible release of ammonia. The equilibrium 
position varies with temperature, and at 45° 
corresponds to about a 40 % splitting of the peptide 
bonds. 

A comparison of Figs. 1 and 2 indicates the 
possibility that much of the peptidase function of 
the protease complex has been lost during concen- 
tration. However, allowing the crude enzyme to 
act on gelatin under these assay conditions gave 
results essentially similar to those shown in Fig. 2, 
with the single exception that a little more 
ammonia was released. The accumulation of pep- 
tides seems then to be a function of the substrate 
or of substrate concentration, and not due to changed 
properties of the enzyme. 

Variations between juice samples. Juice from 
individual, glasshouse-grown clover plants was 
tested for protease activity on endogenous sub- 
strate with a group of six plants on each of a 
number of harvest dates. The results, shown in 
Table 5, indicate wide variations both between 
plants and between harvest dates. Protease 
activity was measured in two clones, each of eight 
plants, derived from plants which had shown very 
high and very low activity when initially tested; no 
differences between clones could be demonstrated. 
Environmental effects obviously influence pro- 
tease activity on endogenous substrate. 





Table 5. Protease activity in groups of six plants 
at six harvest dates 


Protease 
(unit/mg. of protein N) 
ee * \ 
5% confidence 
Harvest date Mean interval 
23. ix. 58 0-199 +0-026 
30. ix. 58 0-221 +0-031 
16. x. 58 0-144 +0-044 
21. x. 58 0-173 +0-041 
9. i. 59 0-154 +0-072 
11. i. 59 0-209 +0-061 





Table 6. Protease and ammonia-producing activity in three clover samples assayed in three systems 


Assay system A, crude enzyme and endogenous substrate; assay system B, crude enzyme and gelatin sub- 
strate; assay system C, partially purified enzyme and gelatin substrate. 


Incubation Assay system A 


Assay system B 
— 


Assay system C 
PA 





time ; 


ea a ‘ 
(hr.) Sample 1 Sample 2 Sample 3 Samplel1 Sample2 Sample3 Samplel Sample2 Sample 3 
Increment in «-amino N/mg. of protein N 


24 0-285 0-255 0-309 0-464 0-601 0-732 2-145 2-162 2-204 
48 0-354 0-286 0-344 0-713 0-936 0-997 3-362 3-349 3-382 
Increment in ammonia N/mg. of protein N 

24 0-025 0-029 0-024 0-012 0-016 0-018 Nil Nil Nil 
48 0-051 0-072 0-037 0-033 0-032 0-035 Nil 0-044 0-013 
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Juice, from clover harvested in each of three 
non-adjacent areas (1 yard square) in a field plot, 
was tested at pH 6-0 for the increment in «-amino 
and ammonia nitrogen when incubated at 45° in 
each of the three systems: (1) juice alone, (2) crude 
enzyme and gelatin substrate and (3) concentrated 
enzyme (schedule B, Table 2) and gelatin substrate. 
The results, shown in Table 6, indicate that the 
differences between samples apparent when testing 
crude enzyme on endogenous substrate, and in the 
presence of gelatin, disappear when the protease is 
partially purified. Since the yield of enzyme was 
similar from each sample, juice factors appear to 
influence considerably the activity of the crude 
enzyme. 
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Fig. 3. Variation of activity with substrate concentration. 
Unfractionated juice was used as enzyme source, and an 
incubation time of 5hr.; clover nitrogen, 0-65 mg./ml.; 
phosphate, 0-02m; sodium thioglycollate, 0-02m; pH 6-0; 
temperature 45°. 
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Fig. 4. Variation of activity with enzyme concentration, 
Incubation time was 16 hr. at 25°; gelatin concn.,.24 mg./ 
ml.; phosphate, 0-05m; sodium thioglycollate, 0-02m; 
pH 6-0. @, Concentrated enzyme; O, crude enzyme. 
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Properties of the assay system 


Effect of substrate concentration. In Fig. 3 is 
shown the effect of variation in gelatin concentra- 
tion on the protease activity of the crude enzyme 
over an incubation period of 5hr. The linear 
response to increased gelatin concentration, to- 
gether with an increase in «-amino nitrogen in the 
control, suggests that hydrolysis of endogenous 
substrate continues in the presence of gelatin. 

When an incubation time of 24 hr. was used, and 
higher concentrations of gelatin were examined, 
there was a markedly decreased response to concen- 
trations in excess of 25 mg./ml. and half-maximum 
response occurred at about 16 mg./ml. 

No detailed survey has been carried out on the 
activity of the clover enzyme on a range of protein 
substrates. Casein (dissolved with heat at alkaline 
pH) was hydrolysed at pH 6-0 and 6-5, though the 
rate of release of «-amino nitrogen appeared to be 
lower than from gelatin at the same concentration. 

Effect of enzyme concentration. The relative 
activities of the two types of protease preparation 
as a function of enzyme concentration, in a 
gelatin medium, are demonstrated in Fig. 4. In 
this system, the crude preparation gave a response 
proportional to clover nitrogen, over all of tne 
range that could be conveniently tested. 

pH effects. The effect of pH on the activity of the 
crude enzyme, with a gelatin substrate, is shown in 
Fig. 5. The optimum pH lay in the range 5-9-6:3, 
and activity decreased sharply on the acid side of 
this range, less sharply on the alkaline side. 
Potassium acetate—acetic acid buffers (0-1m) 
were used below pH 5-0, and disodium mono- 
hydrogen phosphate—potassium dihydrogen phos- 
phate (0:05m) buffers at higher pH values. Closer 
investigation of the limiting pH showed no activity 
at pH 3-9, or at any lower pH (1-0—3-8) investi- 
gated. No observations were made at values more 
alkaline than pH 7:8. The concentrated enzyme 
showed the same optimum and limiting pH as the 
unfractionated juice. 

The effect of pH on stability was measured on 
samples of crude enzyme, held for 16 hr. at 4° after 
pH adjustment with lactic acid or potassium 
hydroxide, and then assayed on a gelatin substrate 
at pH6-0. Thioglycollate, 0-02M, was present 
during storage. At pH 6-5 and above, the pH 
dropped by 0-2-0-3 unit during storage, and in 
Fig. 6, which relates residual activity to storage pH, 
the pH value at the end of storage has been used. 
Two separate clover samples each retained 60-70% 
of their original activity after storage treatment at 
pH 5-5-7-0. Outside this range increasing acidity 
caused a marked decrease in residual activity and 
increasing alkalinity had a comparatively small 
effect. The concentrated protease was tested for 
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stability when held for 2 hr. at 45°. The prepara- 
tion retained 75-85 % of its activity when kept in 
the range pH 5-0-7-0, 65% at pH 8-0 and 35% at 
pH 9-0. In another experiment a sample of the 
concentrated enzyme was adjusted to pH 4-5 and 
stored at 30°. This preparation retained 90 % of its 
activity after 4hr., 80% after 24hr. and 65% 
after 30hr. The stability of the concentrated 
enzyme appeared to be much greater than that of 
the unfractionated juice. 

Temperature effects. The sensitivity of the pro- 
tease to temperature inactivation was measured on 
samples of crude enzyme at pH 6-0. These were 
heated at various temperatures for 5 min. in the 
presence of 0-02m-thioglycollate, cooled rapidly 
and then assayed for residual activity by incuba- 
tion for 5 hr. at 45°. The results obtained, with two 
samples, are shown in Fig. 7. The effect of incuba- 
tion temperature over a period of 3hr. on the 
activity on endogenous substrate of two juice 
samples containing thioglycollate is shown in 
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Fig. 5. Protease activity at various pH values. Unfraction- 
ated juice was used as enzyme source. Activity is ex- 
pressed as the increase in the «-amino-nitrogen concentra- 
tion during 5 hr. incubation at 45°; phosphate (0-05) or 
acetate (0-1m); sodium thioglycollate, 0-02m; gelatin, 
20 mg./ml.; clover protein, 0-74 mg./ml. 
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Fig. 6. Effect of pH on the stability of the protease of two 
samples of unfractionated clover juice stored for 16 hr. at 
4°. Activity was measured during incubation for 5 hr. at 
45°, and is expressed as a percentage of the activity of a 
sample not stored. Sodium thioglycollate (0-02m) was 
present during storage. 
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Fig. 8. As the incubation period was extended, the 
differences between 45° and lower temperatures 
did, of course, become less marked. None the less, 
with an incubation period of 24 hr., activity at 45 
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Fig. 7. Effect of heat on the protease activity of two 
samples of crude enzyme. Residual protease activity was 
measured after heating for 5 min. at various temperatures 
in the presence of 0-02M-sodium thioglycollate. Incubation 
was with gelatin (20 mg./ml.), phosphate, 0-05m, pH 6-0, 
for 5 hr. at 45°. 
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Fig. 8. Effect of incubation temperature on protease 
activity of two samples of crude enzyme acting on endo- 
genous substrate. Incubation was for 3 hr.; phosphate, 
0-05M; sodium thioglycollate, 0-02m; pH 6-0. 
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was still greater than that at 38°. Similar results 
were obtained with crude enzyme in the presence 
of gelatin. 

Activators and inhibitors 

Bactericides. In comparative assays no differ- 
ence was found in the proteolytic activity in the 
presence of toluene or chloroform. With thymol, 
a slightly lower activity was recorded. The rate of 
release of «-amino nitrogen in clover-juice samples 
incubated for 3 hr. or 6 hr. with and without chloro- 
form was the same. 

Reducing agents. When sodium bisulphite and 
sodium thioglycollate were added to the crude 
enzyme to give a final concentration of 0-02M, the 
amount of proteolysis during incubation for 24 hr. 
at 45° was increased by 35-40%. When a gelatin 
substrate (24 mg./ml.) was added to the crude 
enzyme, bisulphite and thioglycollate had no 
effect on the proteolysis. Similarly, additions of 
reducing agents had no activating effect on the 
concentrated clover enzyme acting on the gelatin 
substrate for 24 hr. at 45°. In subsequent experi- 
ments no thioglycollate was added to the concen- 
trated enzyme system. 

Other agents. The activity of the concentrated 
enzyme-gelatin system in the presence of a 
number of possible inhibitors is shown in Table 7. 
The effect of concentration on the action of some of 
these is shown in more detail in Fig. 9. All these 
results refer to the system acting for 24 hr. at 45° 
and pH 6-0. A number of the substances inter- 
fered with the Pope & Stevens method of analysis. 
In the presence of cysteine, eee er eran emE reer cyanide and 
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Fig. 9. Inhibition of the concentrated clover protease— 
gelatin system as a function of inhibitor concentration. 
Incubation was for 24 hr. at 45° and pH 6-0. (a) Mercury 
ion; (b) zine ion; (c) iodoacetic acid; (d) ethylenediamine- 
tetra-acetic acid; (e) 8-hydroxyquinoline; (f) -chloro- 
mercuribenzoate. 


manganous sulphate, the chloramine-T method 
was used to estimate «-amino nitrogen. When 
additions of hydroxylamine or hydrazine were 
made proteolysis was measured (a) by the decrease 
in the amount of nitrogen precipitated by cold 5% 
trichloroacetic acid, and (b) by the increase in the 
amount of «-amino nitrogen eluted by 0-8y- 
hydrochloric acid from columns of Dowex-50 
(nominal 8 % cross-linked ; 200-400 mesh). 

The results in Table 7 illustrate the lack of 
response of the system to reducing agents, and the 
comparatively slight action of oxidizing agents. 
At a concentration of 0:-2mM, cysteine and sodium 
bisulphite were strongly inhibitory and sodium 
thioglycollate caused 35% inhibition. Metal- 
binding agents and heavy-metal ions were, in 
general, strongly inhibitory. A feature of the 
inhibition by a number of agents was partial in- 
hibition over a considerable concentration range 
(Fig. 9). This may be indicative of the complexity 
of the enzyme mixture assayed. 

When activity was measured by the increase in 
the ‘chloramine-T amino nitrogen’, manganous 
sulphate at a concentration of 0-02 mm showed 
a stimulatory effect which, though variable, 
amounted at times to as much as 25%. Lower 
concentrations were without effect, and higher con- 
centrations (0-1 mm) were inhibitory. This concen- 
tration of manganous sulphate (0-02 mm) had no 
serious effect on the Pope & Stevens estimates, but 
assay of the enzyme system by this method in no 


Table 7. Effect of a number of potential activators 
or inhibitors on the concentrated clover protease- 
gelatin system 


Activity was measured over 24 hr. at 45°. Each treat- 
ment had four replicates. Agreement between replicates 
varied between experiments, but mean differences of 5% 
were always significant. 

Activity (% of control) 
ers 


Conen. of activator or 


inhibitor (mm) see os ae 2 0:2 
Addition 
Sodium thioglycollate 102 103 — 
Sodium bisulphite 103 101 _— 
Cysteine 71 95 — 
Potassium cyanide 0 71 90 
Hydrogen peroxide 90 100 _— 
Hydroxylamine 100 100 — 
Hydrazine 100 102 — 
Iodoacetic acid 70 97 97 
8-Hydroxyquinoline 0 42 98 
p-Chloromercuribenzoate — 68 85 
Ethylenediaminetetra-acetate 53 71 84 
Mercuric sulphate 0 15 66 
Zinc sulphate 23 64 72 
Manganous sulphate 0 64 86 
Silver nitrate 20 —_ _ 
Cadmium chloride 17 — — 


Cupric chloride 5 stan cae 
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case revealed stimulation due to manganese. The 
Pope & Stevens reagent is more reactive with 
peptides than is chloramine-T. The sensitivity of 
the chloramine-T method is greater when small 
peptides are hydrolysed to amino acids. The fact 
that a chloramine-T assay, but not a Pope & 
Stevens assay, reveals stimulation due to 0-02 mm- 
manganous sulphate may indicate that the man- 
ganous ion stimulates the di- or tri-peptidase 
function of the proteolytic system. 

Most of these observations have been confined to 
the concentrated enzyme-gelatin system. The 
effects of 0-02mM-mercuric chloride, and of potas- 
sium cyanide and hydroxylamine, have been 
confirmed on crude enzyme with endogenous sub- 
strate. 


DISCUSSION 


Use of the a-amino-nitrogen increment as a 
measure of proteolysis in these preparations has a 
number of limitations, not all of which can be 
satisfactorily evaluated: (1) Proteolysis may be 
underestimated in juice samples by reason of 
deamination reactions. (2) Peptide-bond hydro- 
lysis will be underestimated in those circumstances 
where peptide accumulation is considerable. In 
this regard, the copper-chelation method, which 
has considerable reactivity with peptides, has some 
advantages (as a measure of protein hydrolysis) 
over the more specific «-amino-nitrogen methods. 
(3) The factors causing the large increment in 
‘residual non-protein nitrogen’ in juice samples are 
largely unknown. 

Separate samples of the crude clover enzyme, 
although showing large variations in activity, have 
differed little in response to changes in such en- 
vironmental factors as temperature and pH. Such 
variations as have occurred (Figs. 6-8) may well be 
due to experimental error. Thus the white-clover 
enzyme appears to behave consistently in relation 
to the temperature and pH of the environment, 
and the data presented can be considered to apply 
generally within this plant species. Although in- 
formation gained about optimum conditions for a 
gelatin substrate cannot be automatically applied 
to action on the plant substrate, when action on 
endogenous and gelatin substrates was compared 
very similar responses were obtained. Again the 


. data presented about limiting conditions (pH and 


temperature stability) appear to apply equally to 
each substrate. 

Substrate differences were apparent in that 
action on the endogenous substrate but not on 
gelatin was greater in the presence of reducing 
agents. No evidence is available on the reasons for 
this difference, but it may be related to the lack of 
thiol groups in the gelatin molecule. The activity 
of many plant proteases is greater in the presence of 
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reducing agents (Greenberg & Winnick, 1945), and 
Tracey (1948) found that the tobacco-leaf protease 
tested on a gelatin substrate was activated by a 
number of different reducing agents. The influence 
of sodium bisulphite on enzyme activity is inter- 
esting in relation to the use of sodium metabi- 
sulphite as a preservative during ensilage. 

No evidence has been gained on the complexity 
of the leaf-protease system. The assumption is 
made that the concentrated enzyme retains the 
complete system as found in the crude enzyme 
preparation. The evidence for this rests on the 
similarities of the properties and the reactions of 
the two preparations. 

The optimum pH, 5-9-6-3, is higher than that 
reported by Tracey (1948) for the tobacco enzyme, 
but within the range pH 5-7, which is generally 
found to be optimum for plant proteases acting on 
protein substrates. The clover enzyme also appeared 
to differ from the tobacco protease in its greater 
sensitivity to acid, and higher activity at slightly 
alkaline pH values. 

Tracey (1948) noted variation in the proteolytic 
activity of a number of species, and Holden & 
Tracey (1948a,b) described differences due to 
fertilizer treatment and virus infection. In terms 
of Tracey’s protease unit, the clover-juice activity 
ranged from 60 to 250. This is in the lower part of 
the range of 25-1040 noted by that author, and 
somewhat below his modal observation, which 
appeared to be from 250 to 400. 

The pH and temperature conditions which limit 
the activity of the enzyme are important to an 
understanding of the extent of proteolysis occurring 
during ensilage. If we assume that we can apply 
the data from ‘crude-enzyme’ studies to the 
starving leaf, the absolute limit to activity lies 
just below pH 4-0, a value which, if reached at all, 
would only be reached after several days of en- 
silage. By this time, the enzyme reaction might 
have proceeded to equilibrium. The results re- 
ported in Fig. 6, however, indicate that at low pH 
values the enzyme becomes increasingly unstable. 
Enzyme inactivation may then occur before 
enzyme activity is finally halted by limiting pH. 
The temperature stability of the enzyme is such 
that temperature inactivation during ensilage is 
probably not important. High temperatures are, 
in any case, undesirable because of their effect on 
protein digestibility (Watson & Ferguson, 1937). 
The temperature régime, most suitable for the 
limitation of protein breakdown, will depend upon 
the interaction of the temperature coefficient of 
protease inactivation and the temperature effects 
on proteolysis and acid production. Since much of 
the proteolysis occurs in the first 24 hr., and in 
most cases, even at relatively low temperatures, 
equilibrium is reached within 48 hr., the difficulties 





640 
of limiting proteolysis by spontaneous fermenta- 
tion are apparent. 

In this regard, the relatively large differences 
between different samples of clover juice may also 
be considered. If, in most silos, the proteolytic 
reaction will proceed to equilibrium before limiting 
conditions or enzyme inactivation halt it, then 
samples which have an equilibrium corresponding 
with a small percentage of solubilized nitrogen 
rather than samples having a slow rate of reaction 
are most desirable. Not all samples examined 
that showed low activity under the standard assay 
conditions (24 hr. at 45°) have given an equilibrium 
indicating slight proteolysis when incubation has 
been extended. Indeed, there has been a tendency 
for the samples of low activity to have a relatively 
high ratio of «-amino nitrogen to total nitrogen in 
the untreated juice and to reach equilibrium at 
about the same point as the samples of high 
activity (i. in terms of the ratio of «-amino 
nitrogen to total nitrogen). However, relatively 
few samples have been examined in this detail, 
and not all of them have corresponded to this 
pattern. Samples of low activity and an equi- 
librium with low hydrolysis have been encountered. 
Obviously, further observations will be necessary 
before this matter can be fully appreciated. 


SUMMARY 


1. Nitrogen catabolism in sap expressed from 
leaves of Trifolium repens has been studied, and the 
use of the increment in «-amino content as an 
index of protein hydrolysis in the leaves is discussed. 

2. A considerable variation in the rate of release 
of «-amino nitrogen in different samples of sap was 
found. 

3. A fraction showing about five times the 
protease activity of fresh sap has been prepared by 
removal of relatively inactive protein. 

4. Some characteristics of the hydrolysis of 
endogenous protein and gelatin by the crude 
enzyme, and of gelatin by the concentrated enzyme, 
were examined. 
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5. With endogenous substrate, peptides accumu- 
lated briefly in the medium, then rapidly dis- 
appeared. With relatively high concentrations of 
gelatin substrate there was a marked accumulation 
of peptides in the medium. 

6. The protease showed a broad pH optimum of 
5-9-6-3; no activity could be detected at values 
lower than pH 4-0. The crude enzyme was rapidly 
inactivated at pH values below 5-0, but stability 
was not affected by pH values between 5-0 and 7-0, 
In the concentrated condition the enzyme was 
much more stable on storage. 

7. Reducing agents enhanced activity on endo- 
genous substrate but not on gelatin. 

8. Chelating agents and heavy-metal ions were 
the most active of a number of possible inhibitors 
examined. 
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The Purification and Properties of Megacin, 
a Bacteriocin from Bacillus megaterium 


By I. B. HOLLAND 
A.R.C. Unit for Microbiology, Department of Microbiology, 
The University, Sheffield 10 


(Received 26 August 1960) 


Many strains of Enterobacteriaceae species, 
Pseudomonas fluorescens and Pasteurella pestis 
produce diffusible, water-soluble, antibacterial 
agents and to these protein-like substances the 
group name bacteriocins has been given (cf. 
Jacob & Wollman, 1959). The ability to produce 
bacteriocins and sensitivity towards them are 
under genetic control. Bacteriocins are most 
active against strains of the producer or related 
species and have little effect upon other species. 
Alféldi & Ivanovics (1954) gave the name megacin 
to an antibacterial agent which is liberated by 
several strains of Bacillus megaterium. Small 
amounts of megacin are produced by growing 
cultures of megacin-forming strains. If, however, 
the culture is irradiated with the optimum dose of 
ultraviolet light, all the cells are apparently in- 
duced to synthesize megacin and ultimately mass 
lysis of the culture takes place with the appearance 
of large amounts of megacin in the culture filtrate. 
The properties and mode of formation of this 
substance led Ivanovics & Alféldi (1957) to 
conclude that megacin is a bacteriocin. The 
bacteriocins most extensively studied are the 
antibacterial agents or colicins produced by 
Escherichia coli (see Fredericq, 1957). Like 
bacteriophage, colicins are adsorbed to specific 
receptor sites on the surface of sensitive cells, but 
since they do not reproduce in such cells they are 
clearly differentiated from bacteriophage (Fred- 
ericq, 1957). Colicin K, formed by ZF. coli K 235, 
has been purified and the apparently homogeneous 
preparation contained protein intimately associ- 
ated with the bacterial O-antigen (Goebel & Barry, 


. 1958). 


The mode of action of bacteriocins, including 
megacin, is unknown. Ivénovics, Alféldi & Nagy 
(1959), using partially purified preparations, ob- 
tained some evidence that megacin acts on the 
cytoplasmic membrane of sensitive cells. The ob- 
ject of the present work was to isolate a highly 
purified preparation of megacin and to investigate 
its physicochemical and ultimately its biological 
properties. 


4] 


MATERIALS AND METHODS 


Organisms. The megacin-producing B. megaterium strain 
216 and the highly megacin-sensitive B. megateriwm 
207.m were obtained from the collection of Professor 
Ivdnovics and Dr Alféldi at the Medical University, Szeged, 
Hungary. 

Medium. Strain 216 was grown in a medium, initial 
pH 7-0, containing 1% (w/v) Oxoid tryptone, 0-5% (w/v) 
Difco yeast extract and 0-5% (w/v) Lab Lemco. The plate 
medium for megacin assays and viable counts comprised 
1% (w/v) Oxoid tryptone, 1% (w/v) yeast extract (Yeatex), 
1% (w/v) NaCl and 2% (w/v) agar, at pH 7-2. 

Megacin assay. Samples were assayed for megacin 
content by a technique essentially the same as that 
described by Ivanovics & Alféldi (1957). A washed sus- 
pension of strain 207.m in broth from a 14 hr. subculture 
was adjusted to an extinction (Z) of 0-2 at 610 mp. Of this 
suspension 1 ml. was mixed with 2-5 ml. of melted broth 
agar [0-7% (w/v) agar] and poured on the surface of an 
agar plate. Standard drops of serial dilutions of the solution 
under test were placed on the seeded plate with a welded 
platinum loop delivering approximately 0-02 ml. After 
incubation overnight at 37° the plates were placed for 
examination on a ground-glass screen illuminated from 
below. The highest dilution which gave a clearly dis- 
cernible area of inhibited growth was determined. The 
reciprocal of the dilution gave the megacin titre in units/ 
ml. In preparing serial dilutions ten- and five-fold dilution 
steps were used initially and 1-25- to 2-fold steps in the 
region of the end point. A solution of known activity was 
included in each assay series. 

Growth of strain 216 and the induction of megacin forma- 
tion. The organism was grown at 37° in 2-41. glass bottles 
containing 11. of nutrient broth and inoculated with a 
16 hr. subculture (700yug. dry wt. of cells/bottle). Each 
bottle was provided with a system for forced aeration and 
foaming was reduced by the addition of 5 ml. of silicone 
antifoam emulsion F (supplied by Hopkin and Williams 
Ltd.) diluted with 3 vol. of water. Compressed air was 
heated to 37° by passage through a glass cylinder packed 
with glass beads and bound with a regulated electric heating 
tape. The air was saturated with water by passage through 
a wash bottle and then sterilized by passage through a 
cotton-wool filter. By using a manifold, five bottles could 
be aerated simultaneously. Growth of the organism was 
followed by measuring changes in turbidity. When the 
culture entered the exponential phase of growth (E619 my 
0-25), 200 ml. samples were removed successively and 
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irradiated for 60 sec. in a sterile enamel dish (35 cm. x 
30 cm.; liquid depth 2 mm.) placed 50 cm. from the u.v. 
lamp. During irradiation the culture was aerated by gently 
rocking the tray, and after a 60 sec. exposure each sample 
was quickly transferred to a sterile flask. The whole of the 
irradiated culture was eventually replaced in the growth 
bottle and the incubation continued. The incubation and 
irradiation procedures were carried out in the 37° constant- 
temperature room in order to avoid temperature shock. 
After irradiation, the cells continue to grow for 80-90 min. 
and then rapid lysis ensues with the concomitant release of 
megacin (Fig. 1). Bacterial debris and remaining whole 
cells were removed from the lysate by low-speed centri- 
fuging at 4°. The clear supernatant constitutes the starting 
material for the purification procedure and usually contains 
40 000-80 000 units of megacin activity/ml. 

Source of ultraviolet light. An Hanovia Chromatolite low- 
pressure mercury lamp was used without filter and placed 
50 cm. above the bacterial suspensions. The energy emitted 
by the lamp at this distance in the applied axis nominally 
totalled 1-5 x 10° ergs/cm.’, and at least 75% of the total 
emission was at 25374 (data provided by Hanovia Ltd.). 

Spectrophotometry. The turbidity (2) of bacterial sus- 
pensions and cultures was determined at 610 mp with a 
Unicam spectrophotometer SP. 600 with 1 cm. glass cells. 
Nucleic acid estimations and protein absorption spectra 
were determined with a Unicam spectrophotometer SP. 500 
with 1-cm. silica cells. 

Specific activity. The specific activity of all preparations 
is defined as units of megacin activity/mg. of protein. 

Protein. This was determined by the Folin—Ciocalteu 
method described by Layne (1957a). Measurements were 
made at 500 my and the standard was crystalline bovine 
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Fig. 1. Induction of megacin formation. E610 mp Of culture 
of B. megaterium strain 216 before and after irradiation 
with u.v. light. The final lysate containing 80000 units 
of megacin/ml. The non-irradiated control culture did 
not lyse and the supernatant did not contain megacin. 
A, Control; @, irradiated culture. 
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plasma albumin fraction V (Armour Laboratories), 
Interfering substances were always removed by dialysis 
before the estimations. 

Nucleic acids. Ey69 my ANd Eyggq 1m, Of solutions were 
determined, and the nucleic acid content was calculated by 
the method of Warburg & Christian as described by Layne 
(19575). 

Nitrogen and phosphorus. Nitrogen was determined by a 
micro-Kjeldahl technique and phosphorus by the method 
of Berenblum & Chain (1938). 

Carbohydrates. The megacin preparation was hydrolysed 
for 2 hr. at 100° in 2N-H,SO,, and the hydrolysate applied 
to a small (5 cm.) column of Dowex-50 resin (X8; H* form) 
as described by Weibull & Bergstrém (1958). Neutral 
sugars were eluted with water and estimated by the 
anthrone method (Scott & Melvin, 1953). 

Phosphate buffer. The phosphate buffer used throughout 
was prepared from 0-2m-solutions of NaH,PO, and 
Na,HPO,. 

Diethylaminoethylcellulose. This was prepared from Solka- 
Floc S.W.B. cellulose powder (Sober & Peterson, 1956). The 
prepared cellulose was adjusted to pH 7-0 by the addition 
of m-NaH,PO, and then thoroughly washed with 5 mm- 
phosphate buffer, pH 7-0. Columns prepared as described 
by Sober & Peterson were first washed with the starting 
buffer and allowed to equilibrate at 4° before use. Elution 
was carried out at 4° and at a rate of 12 ml. of eluate/hr. 

Electrophoresis. This was carried out in a Perkin-Elmer 
apparatus, Model 38A, with 3 ml. cells, 66 mm-phosphate 
buffer, pH 6-8, and a potential of 170v at 12-5 ma. Electro- 
phoretic runs were also carried out in a Kern micro- 
electrophoresis apparatus, Model L.K. 30, fitted with a 
modified Jamin interference optical system (supplied by 
Kern and Co. Ltd., Aarau, Switzerland). Runs were com- 
pleted at several pH values, with 0-02M-phosphate buffer 
and at an applied voltage of 10v/cm. The photographs of 
the descending limb were used for interpretation, and the 
positions of the fringes were measured with a microcom- 
parator. Before allelectrophoretic analysis the protein solu- 
tions were dialysed against the appropriate buffer for 16 hr. 

Ultracentrifuging. Megacin samples in 0-1 M-phosphate 
buffer, pH 7-0, were examined in a Model E Spinco 
analytical ultracentrifuge at room temperature. Sedimen- 
tation coefficients were calculated from the maximum 
ordinate of the gradient curve according to Schachman 
(1957) and corrected to Syo,, values. Since the concentra- 
tion-dependence of S was found to be minimal the apparent 
diffusion coefficient, D, was calculated from the sedimenta- 
tion-velocity patterns according to Lamm (1929), where 


1 A 
~ 4at \Amax. 


and finally corrected to Deyo, , values. The enlarged tracings 
(x five) of comparable patterns of solvent and solution 
were superimposed, and the base-line was drawn beneath 
the schlieren peak. The height of the maximum ordinate, 
Hoax, WaS determined, the area, A, was measured by 4 
planimeter and the values obtained were corrected for 
radial dilution (Svedberg & Pedersen, 1940). The second 
moments, ¢, of the gradient curve were calculated and 
corrected according to Hall & Ogston (1956). 

Enzymes. Crystalline pepsin, trypsin and chymotrypsin 
were obtained from Worthington Biochemical Corp., 
Freehold, N.J., U.S.A. Ribonuclease was obtained from 
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Sigma Chemical Co., St Louis 13, Mo., U.S.A., and 
deoxyribonuclease from L. Light and Co. Ltd., Colnbrook, 
Bucks. 


RESULTS 


The activity of the initial lysates was retained for 
several months at 4°, and the freeze-dried product 
obtained from the lysates remained active for 
several months if stored at —22°. The whole of 
the dried preparation was soluble in broth or 
phosphate buffer (0-02m, pH 7-0). In the original 
lysate, megacin was stable for several hours 
throughout the pH range 1-5-11 at 4°. The active 
principle was, however, precipitated between 
pH 4 and 4-5 but dissolved again on the addition of 
acid or alkali (Fig. 2). 


Purification of megacin 


Isoelectric precipitation. The accumulated lysate 
(approx. 501.) was cooled to 8° and adjusted to 
pH 4:0 by the careful addition, with stirring, of 
N-HCl (approx. 40 ml./l. of lysate was required). 
A heavy precipitate formed, and, after 10 min. 
further stirring, the precipitate was collected by 
using a continuous-flow Servall High Speed 
centrifuge (type SS-1) at 200 ml./min. (15 000 rev./ 
min., 30 000g). The inactive supernatant was dis- 
carded, the precipitate was dissolved in 4-21. of 
0:02m-phosphate buffer, pH 7-0, and the solution 
clarified by high-speed centrifuging. The clear 
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Fig. 2. Solubility of megacin at different pH values. 
Samples of the crude lysate were adjusted to the appropri- 
ate pH at 4°, kept for 10 min., and any precipitate was 
removed by centrifuging. The supernatant was brought to 
pH 7-0 before being assayed for megacin activity (O) and 
for protein (@). 
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solution contained 83% of the initial megacin 
activity with a 4-4-fold increase in specific activity 
(Table 1). The solution was finally dialysed for 
30 hr. against 50 vol. of phosphate buffer at 4°. 

Ammonium sulphate fractionation. The dialysed 
solution was brought to 50% saturation with 
(NH,).SO, at 4°, and the pH maintained at 7-0 by 
the addition of aqueous NH; solution. This mixture 
was stirred for 10 min. and then left for 30 min. to 
allow the fine precipitate to settle. The precipitate 
contained little megacin activity and was removed 
by centrifuging at 3000g for 20min. at 0°. The 
supernatant was then brought to 60% saturation 
and the same procedure followed. The precipitate, 
which contained the bulk of the megacin, was 
collected by centrifuging and was dissolved in 
400 ml. of 0-02m-phosphate buffer, pH 7-0. The 
supernatant was discarded. At this stage the pre- 
paration contained 52 % of the initial activity with 
a further twofold increase in specific activity 
(Table 1). The solution was then dialysed against 
100 vol. of phosphate buffer and finally freeze- 
dried to a yellow solid. 

Chromatography on diethylaminoethylcellulose. 
The preparation at this stage still contained a large 
amount of nucleic acid, which was removed by 
chromatography on diethylaminoethylcellulose 
(DEAE-cellulose). The dried material was dissolved 
in water and dialysed against 5 mmM-phosphate 
buffer, pH 7-0. In a preliminary experiment 
1-5 ml. (45 mg. dry wt. of protein) was applied to a 
2 g. column and washed in with several volumes of 
buffer. The column was mounted above a fraction 
collector operated by a drop counter and 90-drop 
(4:5 ml.) fractions were collected. Protein was 
eluted batchwise with 20 ml. volumes of 5 mm- 
phosphate buffer, pH 7-0, containing increasing 
amounts of NaCl. The appearance of protein and of 
nucleic acid in the eluate was followed as a function 
Of Ey m, 22d Eo p,- Megacin activity was 
associated with the two major protein peaks (Fig. 3). 
It was subsequently found that if the addition of 
0-35mM-NaCl was delayed and elution continued 
with 0-3m-NaCl the smaller peak was eliminated 
and protein and megacin were eluted as a single 
peak. In a large-scale experiment (Fig. 4) with a 
30 g. DEAE-cellulose column, 100-drop fractions 
(5 ml.) were collected: elution was again batchwise 
and megacin was eluted with 300 ml. of 0:3m-NaCl. 
The active fractions, contained in tubes 160-198, 
were pooled, dialysed against 0-02m-phosphate 
buffer, pH 7:0, and freeze-dried to a white powder 
free from nucleic acids. Fractions 199-210 con- 
tained only 1% of the initial activity and were 
discarded. The nucleic acid fractions eluted at higher 
salt concentration (Fig. 3) gave a negative Folin 
reaction and showed no megacin activity. The 

41-2 
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total recovery of megacin applied to the column 
was 84% with a twofold increase in specific 
activity. 

The complete purification procedure yielded an 
overall recovery of 42% of the megacin initially 
present, with a 21-fold increase in specific activity 
(Table 1). 

Further purification. Several attempts were 
made to purify megacin further; these included 
gradient elution from DEAE-cellulose with a 
variety of NaCl gradients, differential adsorption 
and elution from calcium phosphate gel (Tiselius & 
Swingle, 1951) and further fractionation with 
(NH,),SO,. All these methods failed to yield 
preparations with increased specific activities. 
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Fig. 3. Elution of megacin from a 2 g. column of DEAE- 
cellulose; column charge of 45 mg. dry wt. of protein (in 
1-5 ml.). O---—O, Megacin activity; @—@, material 
absorbing at 280 mu. 
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Evidence for the homogeneity of the megacin 
preparation, and some physicochemical properties 

Electrophoresis. The purified megacin preparation 
was subjected to electrophoresis at pH 6-1, 7-1 and 
7-9 in a Kern micro-electrophoresis apparatus. In 
each case the preparation showed only one fringe 
group migrating rapidly towards the anode (Fig. 5). 
Measurements were made from the photographs 
obtained and the displacement of each fringe was 
plotted against fringe number. For each pH value 
the result was a single symmetrical or a nearly 
symmetrical sigmoid curve, which is characteristic 
of a one-component system. It was not possible to 
complete runs at lower pH values because megacin 
rapidly precipitates below pH 5-5. Electrophoresis 
was also carried out in a Perkin-Elmer apparatus 
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Fig. 4. Elution of megacin from a 30 g. column of DEAE- 


cellulose; column charge of 1-:29g. dry wt. of protein 
(34 ml.). Elution of only material absorbing at 280 mp | 


was measured. 


Table 1. Purification of megacin 


Total 
recovery 
10-4 x Activity Concn. of activity Protein Specific 
(units/ml.) factor (%) (mg./ml.) activity 
Crude lysate 6 eae = 0-8 75 
HCl-treated residue 49 10 81 1-52 33 
50-60% (NH,).SO, fraction 270 9 50 3-8 71 
Freeze-dried material 2800 10 51 38-0 75 
DEAE-cellulose-treated 2300 — 42 14-0 160 
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(b) 





Fig. 5. Electrophoretic patterns obtained with the Kern micro-electrophoresis apparatus. The cell path 
is 3cm.; the descending limb only is shown: (a) 0-7% (w/v) protein solution, pH 6-1, picture after 14 min.; 
(6) 05% (w/v) protein solution, pH 7-1, after 15 min.; (c) 0:5% (w/v) protein solution, pH 7-9, after 18 min. 











Sophia nie 


€ 5 


| Fig. 6. Electrophoresis of megacin (Perkin-Elmer ap- 
paratus). Protein solution (0-74%, w/v) in 0-06m-phos- 

| phate buffer, pH 6-8, picture after 34 min.; ¢ indicates the 
descending limb and 8 indicates the ascending limb of the 
electrophoretic cell. 


atlpH 6-8. The preparation gave a single symmetrical 
} peak in both ascending and descending limbs 
(Fig. 6) with an electrophoretic mobility of 
—11-:2 x 10-5 em.* sec.-! v-?. From the electro- 
phoretic mobility values so far obtained (see 
Table 2) extrapolation to zero mobility gives a 


value between pH 3-0 and 4-0 for the isoelectric 
point of megacin. 

Ultracentrifuging. The purified megacin prepara- 
tion was examined in the analytical ultracentrifuge 
at different protein concentrations. Before centri- 
fuging, the protein samples were dialysed against 
0-1m-phosphate buffer, pH 7-0. Irrespective of the 
protein concentration the pattern obtained was 
identical, one symmetrical boundary being ob- 
served in every case (Fig. 7). The rate of sedimenta- 
tion is only very slightly dependent upon protein 
concentration, indicating that the preparation, 
under these conditions, consists of relatively 
symmetrical molecules. The corrected extrapolated 
value for S was 4:35 x 10-15 sec. The concentration- 
dependence of S is minimal; self-sharpening of the 
sedimentation boundary was, therefore, ignored and 
boundary spreading analysed directly from the 
apparent diffusion coefficients and the second 
moments of the gradient curve. As a further test of 
homogeneity D and o were calculated at various 
times during a sedimentation velocity run. As 
shown in Fig. 8, o increases linearly with time 
whereas D shows a slight decrease. Both these 


findings are consistent with the conclusion that the 
preparation is homogeneous (Baldwin, 1957a, b; 
Hall & Ogston, 1956). 
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Molecular. weight. The molecular weight of 
megacin was calculated from the Svedberg equation 
(Svedberg & Pedersen, 1940). The value of D at 
zero time was. 7:57x10-?cm.? sec.-1 On the 
assumption of a value of 0-73 for the partial specific 
volume (0) and with S},, 4:35x 10-% sec., the 
molecular weight is 51 000. In view of the assump- 
tions made in obtaining the values for c and D and 
the inaccuracies involved in determining D by the 
sedimentation-velocity method (see Baldwin, 
19576), this can only be an approximate value. 

Amino acid analysis. A sample of the megacin 
preparation was hydrolysed in 6N-HCl in vacuo for 
40 hr., and the residue analysed by the method of 
Moore & Stein (1954). The following amino acids 
were identified: aspartic acid, threonine, serine, 
glutamic acid, proline, glycine, alanine, valine, 
methionine, isoleucine, leucine, tyrosine, phenyl- 
alanine, histidine, lysine and arginine with a trace 
of hydroxyproline and cysteine. Aspartic acid and 
glutamic acid together accounted for almost 30% 
of the dry weight of protein, a finding which was 
not unexpected in view of the acidic nature of 
megacin. 

Properties. The absorption spectrum of the 


Table 2. Electrophoretic mobility of megacin 
at different pH values at 0° 


The mobility value at pH 6-8 is that obtained with the 
Perkin-Elmer apparatus at 0°. The remaining values, 
obtained with the Kern apparatus at room temperature, 
were made roughly comparable by correcting for the 
viscosity of water at room temperature. 


Protein 
105 x Mobility Molarity concn. 
(cm.? sec.—! y-!) pH of buffer (%) 
-9-7 6-1 0-02 0-7 
—11-2 6-8 0-06 0-74 
—13-1 71 0-02 0-5 
-13-7 7-9 0-02 0-5 
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Fig. 7. Ultracentrifuge patterns obtained with a 0-68% 
protein solution. Speed 56 100 rev./min., bar angles 55° 
and 35°, pictures at 120 and 136 min. respectively after 
reaching full speed. The direction of sedimentatiofi is to the 
right. 
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with Ana. 279mp and H}% 0-89. There is no 
indication of the presence of nucleic acid or 
nucleotides. The purified megacin preparation con- 
tains 15-4% of N, < 05% of P and gives an 
extremely weak anthrone test (< 5g. of glucose 
mg. of protein). Analyses for both P and carbo. 
hydrates, although positive, were made at the 
extreme lower limits of the analytical procedures, 
and, for reliable values, larger samples of megacin 
than are at the present available must be analysed. 
Traces of amino sugars were detected during the 
amino acid analysis. 

The activity of the purified preparation was not 
affected by crystalline ribonuclease or deoxyribo- 
nuclease. Boiling for 10 min. completely destroyed 
the activity, whereas heating at 80° for 20 min. 
decreased the activity by 90%. Megacin (0-64 mg. 
dry wt./ml.) was exposed to 7M-urea in phosphate 
buffer, pH 7-0, at 37° and after 6 hr. the activity 
had decreased by 70%. After incubation with 
7m-urea for 24hr. at room temperature, 80% of 
the initial activity was lost. Megacin was, how- 
ever, resistant to crystalline pepsin at pH 2-4 ina 
glycine—-HCl buffer and to crystalline trypsin and 
chymotrypsin at pH 7-0 in phosphate buffer. 

Antibacterial activity of the purified preparation. | 
The units in which megacin activity is measured 


10 


10°o? 
| 


0 1 2 3 4 
10-4 (t -t,) 


Fig. 8. Plot of o? (corr.) against (¢—t,), where ¢ is the time 
in seconds after reaching full speed, f, is the time of the first 
photograph. A 0-68 % protein solution in 0-1 m-phosphate 
buffer, pH 7-0, was used; speed, 56 100 rev./min. 
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by the plate-assay system are quite arbitrary and 
give no indication of the actual number of cells 
killed by megacin. With a homogeneous prepara- 
tion of megacin it was possible to measure megacin 
activity in more precise terms. A 16 hr. culture of 
the indicator organism was washed and resuspended 
in broth so that EH was 0-67 (270yg. dry wt. of 
cells/ml.). Samples (1-0 ml.) were then mixed with 
an equal volume of 0-02m-phosphate buffer, 
pH 7-0, containing different concentrations of 
megacin. After 20 min. at 37° each sample was 
rapidly diluted 2500 times into broth. This sus- 
pension was then further diluted to give approxi- 
mately 4 x 10° cells/ml., and 0-1 ml. was spread on 
the surface of nutrient agar. Each plating was 
completed in triplicate and the colonies were 
counted after overnight incubation at 37°. With 
very dilute solutions of megacin (5-50 ymg. of 
protein) a linear relationship between cells killed 
and megacin concentration was obtained (Fig. 9). 
At higher megacin concentrations, the cell concen- 
tration apparently becomes limiting. Where 
megacin activity is proportional to killing activity, 
the antibacterial agent completely inhibits the 
growth of 50% of the viable cells at a concentra- 
tion of 136 molecules/cell. 





eo 


10-7 x Total viable cells killed 


0 20 40 60 80 100 


Protein (jmg./ml.) 


Fig. 9. Viability of Bacillus megaterium 207.m exposed to 
megacin at 37° for 20 min. Cell concentration, 135 yg. dry 
wt./ml.; plating efficiency, viable cells/total cell count = 
55%. Megacin concentration is expressed in protein dry 
wt./ml, 


PURIFICATION OF MEGACIN 


647 


DISCUSSION 


Bacteriocins are formed by many species of the 
Enterobacteriaceae, by Pseudomonas fluorescens, 
Pasteurella pestis and B. megaterium. Although 
hundreds of bacteriocin-producing strains have 
been isolated, the nature and mode of action of 
these compounds is still largely unknown. Different 
strains of HE. coli and Pseudomonas fluorescens 
produce different bacteriocins: in particular many 
different colicins have been identified and in 
certain cases one strain may produce several 
distinct colicins (Fredericq, 1946). It is important 
to stress that the megacin described here has been 
isolated from one particular strain of B. megaterium 
and that other strains may well produce other 
megacins. 

It has long been inferred that colicins are pro- 
teins or peptides; they are generally heat-labile, 
non-dialysable and rapidly destroyed by proteo- 
lytic enzymes. More conclusive evidence for their 
protein nature is available where purification has 
been attempted. The highly purified preparation of 
colicin K obtained by Goebel & Barry (1958) 
contained a protein—lipocarbohydrate complex. 
The antibacterial activity was shown to reside in 
the protein moiety, although the dissociation of the 
complex could only be brought about by treatment 
known to rupture covalent bonds (Goebel & Barry, 
1958; Miyama, Ichikawa & Amano, 1959). Niiske, 
Hoésel, Venner & Zinner (1957) described the 
purification of the colicin formed by EL. coli SG710; 
the final product was a protein—lipocarbohydrate 
complex, containing 45-55% of protein. In a 
partial purification of colicin B (Cocito & Vander- 
meulen-Cocito, 1958) the product obtained was a 
heat-labile, non-dialysable, high-molecular-weight 
compound inactivated by trypsin and papain. 
From the evidence described above, one may con- 
clude that megacin is a protein with a molecular 
weight of approximately 50000. In contrast to 
colicin K, and to the colicin purified by Niiske and 
co-workers, megacin has been isolated free from a 
lipocarbohydrate complex. From the data so far 
available, megacin appears to be a simple protein, 
although the presence of extremely small amounts 
of carbohydrate and phosphorus cannot yet be 
completely excluded. If subsequent purification of 
other colicins were to reveal an intimate association 
of bacteriocin with a lipocarbohydrate complex, 
this could reflect a major difference in the nature 
and mode of action of megacin and colicins. 

The expression of megacinogeny by a bacterial 
cell manifests itself by the lethal synthesis of 
large amounts of a specific protein. This protein is 
remarkably acidic (cf. electrophoretic behaviour 
and amino acid constitution) and is therefore, 
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apart from its unique biological properties, unlike 
most other cellular proteins. At the time of lysis, 
megacin apparently constitutes some 5% of the 
total soluble cell protein, a proportion of which is 
comparable with the amount of an induced enzyme 
in fully induced cells [cf. alkaline phosphatase in 
E. coli, Garen & Leventhal (1960)] or with virus 
protein in phage-infected cells. 

Purified megacin is a very potent antibacterial 
agent, 9x10’ cells of the sensitive strain being 
rendered non-viable after brief exposure to concen- 
trations of megacin of less than 10 wmg. of protein/ 
ml. 


SUMMARY 


1. Megacin formation was induced by ultra- 
violet irradiation of a growing culture of Bacillus 
megaterium 216. The culture undergoes mass lysis 
90 min. after irradiation, and megacin is released 
into the medium. 

2. A method for the production of large volumes 
of megacin-containing lysate has been devised. 

3. Megacin was isolated from the lysate by 
isoelectric precipitation, ammonium sulphate frac- 
tionation and chromatography on diethylamino- 
ethylcellulose. 

4. The purified preparation was shown to be 
homogeneous by electrophoresis and ultracentri- 
fuging. From sedimentation-velocity experiments 
a value of 51 000 was obtained for the molecular 
weight. 

5. Megacin appears to be a simple protein. It 
is denatured by heat and by 7M-urea but is re- 
sistant to attack by pepsin, trypsin and chymo- 
trypsin. 

6. Megacin is a potent antibacterial agent and is 
capable of inhibiting the growth of sensitive cells at 
a concentration of 10 wmg./ml. or 136 molecules of 
megacin/treated cell. 
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Determination of the Distribution of I in Biosynthetically Labelled 
[‘1]Thyroxine Isolated from the Thyroid Glands of Rabbits and Rats* 


By L. G. PLASKETTT 
Medical Research Council Department of Clinical Research, University College Hospital Medical School, 
London, W.C. 1 


(Received 19 October 1960) 


It has often been supposed, on the basis of the 
current theory of thyroxine biosynthesis, that 
radioactive thyroxine isolated from the plasma or 
thyroids of animals is equally labelled on the two 
rings. This supposition is necessarily true for 
thyroxine samples taken from an animal several 
weeks after administration of [1*4I]iodide, when the 
radioactive label has equilibrated with the stable 
iodine of the body. For thyroxine samples taken 
soon after administration of the radioactive dose, 
however, experimental verification is necessary. 

The current theory of biosynthesis of thyroxine 
involves, as the final stage, the coupling of two 
di-iodotyrosine molecules with the elimination of 
one alanine side chain (Harington, 1944; Pitt- 
Rivers, 1948). If this coupling reaction occurs 
between di-iodotyrosine molecules free in solution, 
there is no possibility that either ring of the result- 
ant thyroxine can become preferentially labelled, 
since under these conditions the reaction takes 
place between identical components. The specific 
radioactivity measurements of Tong, Taurog & 
Chaikoff (1951), however, indicate that thyroxine 
is probably generated within the peptide chains of 
thyroglobulin, and in this case there is a possibility 
that the protein imparts specificity to the reaction 
in such a manner that the reacting di-iodotyrosine 
moieties are of different specific radioactivity. 

Plaskett (1959) described a chemical technique 
for determining the distribution of ™I in the 
thyroxine molecule by displacing some of the 3’:5’- 
thyroxine iodine by reaction with a diazonium 
salt. This paper describes the isolation of thyroxine 
from the thyroid glands of rabbits and rats in a 
sufficiently pure condition to permit study by this 
technique. The results of diazo coupling are pre- 
sented as evidence that during biosynthesis of 
thyroxine from [*!I]Jiodide the radioactive label 
becomes equally distributed between the rings of 
the thyronine nucleus. 


* This work forms part of a Ph.D. Thesis submitted to 
the University of London. 

{ Present address: Department of Biochemistry, Uni- 
versity New Buildings, Teviot Place, Edinburgh 8. 


METHODS 


Chromatography. Chromatograms were developed by the 
descending method on Whatman no. 3MM paper. Only 
unidimensional techniques were employed. When spots of 
the separated substances were eluted for running again in 
another solvent, the eluent used was ethanol—aq. 2N-NH, 
soln. (1:1, v/v). Marker compounds were stained with 
diazotized sulphanilic acid (Gross & Leblond, 1951 a). 

Location of radioactivity. The distribution of radioactivity 
on the developed and dried chromatograms was deter- 
mined by means of an automatic scanning counter. The 
paper moved at the rate of 1 in./hr. under a shielded mica 
end-window f-particle counter. The number of pulses from 
the counter were recorded on a continuously moving 
recording milliameter. 


Preparation and treatment of the thyroxine samples 


From rats. Male Wistar albino rats (170-230 g.) were 
each injected intravenously with 30yuec of ['*I]iodide in 
sterile aq. 0-9% NaCl. They were killed after a suitable 
period of time by an intraperitoneal injection of Nembutal 
followed by heart puncture. The thyroid gland was dis- 
sected out and hydrolysed by refluxing for 20 hr. in 3 ml. of 
2n-NaOH containing 50yug. of sodium t-thyroxine. The 
hydrolysate was extracted once with an equal volume of 
butan-1-ol; the upper layer was separated and evaporated 
to a small volume under reduced pressure. The concen- 
trated extract was applied quantitatively to the origin of a 
paper chromatogram and developed in butan-l-ol-2n- 
acetic acid (1:1, v/v). After drying the chromatogram, the 
positions of the radioactive peaks were determined. A 
small iodide peak was present (Rp 0-22) but the bulk of the 
radioactive material ran as a single peak close to the solvent 
front. This peak, which contained the iodothyronines, was 
eluted. The eluate was evaporated to a small volume under 
reduced pressure before being applied quantitatively to the 
origin of another paper chromatogram. This was developed 
in butan-l-ol-pentan-l-ol-aq. 2N-NH, soln. (1:1:2, by 
vol.) and the positions of the peaks were again determined. 
The largest peak on this chromatogram had R, identical 
with that of authentic thyroxine. This peak was eluted and 
some small samples of it were tested by running again in 
several different solvents. With the exception of 3-5% of 
inorganic iodide the material was found to be radiochemic- 
ally homogeneous, and it was inseparable from authentic 
thyroxine markers. The major part of the eluted [?*I]- 
thyroxine was mixed with 10 ml. of ethanol-aq. 2N-NH; 
soln. (1:1, v/v) containing 20 mg. of sodium 1-thyroxine. 
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The mixture was then evaporated to dryness under reduced 
pressure. The dried thyroxine was dissolved in 10 ml. of 
0-5n-NaOH soln. and transferred quantitatively to a centri- 
fuge tube. The thyroxine was precipitated by addition of 
0-7 ml. of conc. HCl and centrifuged. The supernatant 
liquid containing the iodide impurity was separated off and 
the precipitate redissolved in 5-2 ml. of 0-463 n-NaOH soln. ; 
0-1 ml. of 0-218mM-Na,S,O, was added and the diazo-coupling 
reaction carried out as described by Plaskett (1959). 

The radioactivities of the precipitated azo compounds 
and of the supernatant fraction were determined as pre- 
viously described, but it was necessary, because of the 
low counting rates of the specimens under study, to obtain 
a very accurate estimate of the background before each 
determination. A background count was therefore made 
overnight (about 55 000 sec.) with the counting tube filled 
with water. About 30000sec. were then devoted to 
counting the radioactive specimen. 

From rabbits. Male rabbits (2-0-2-5kg.) were each 
injected intravenously with 300 uc of [!*!I]Jiodide in sterile 
aq. 0-9% NaCl. They were killed after either 6 or 24 hr. by 
an intravenous injection of Nembutal. The thyroid gland 
was dissected out and hydrolysed by refluxing for 20 hr. in 
5 ml. of 2n-NaOH. The hydrolysate was extracted once 
with an equal volume of etherand once with an equal volume 
of CHCl,. These extracts, which together contained less 
than 2% of the total radioactivity, were discarded. The 
hydrolysate was next extracted with an equal volume of 
butan-l-ol and the organic layer evaporated to a small 
volume for chromatography in butan-1l-ol-2N-acetic acid 
(1:1, v/v). In this solvent most of the radioactivity ran as 
a single peak (Ry 0-93) which corresponded in position to 
the iodothyronines. This peak was eluted and thyroxine 
was isolated from it by running again in the manner 
already described for the work on the rat glands. Once 
again, the thyroxine contained a trace of inorganic iodide 
as its only radioactive impurity. 


Effectiveness of reprecipitation 


In order to determine the extent to which reprecipitation 
removed [1*!I]iodide which contaminated the thyroxine, 
20 mg. of sodium L-thyroxine was dissolved in 10 ml. of 
0-5N-NaOH containing [!*I]iodide and reprecipitated by 
addition of 0-7 ml. of conc. HCl. Only 3% of the radio- 
activity was reprecipitated with the thyroxine. Thus if the 
(?*I]thyroxine was found to be contaminated with 5% of 
[?*1I iodide immediately after elution from the chromato- 
gram this contamination would be decreased to 0:15% by 
reprecipitation. 


L. G. PLASKETT 





Freedom of thyroxine samples from 
non-radioactive impurities 


It has been pointed out (Plaskett, 1959) that one possible 
danger in applying the diazo-coupling technique to thyr- 
oxine isolated from biological sources is that the bio- 
synthetic hormone, although radiochemically pure, may 
contain non-radioactive phenols and amines which would 
interfere with the stoicheiometry of the diazo-coupling 
reaction by consuming some of the diazonium salt. 

It was decided to test for such impurities by performing 
the diazo-coupling reaction several times with different 
quantities of the biosynthetic [*1I]thyroxine. The radio- 
active hormone functions only as a tracer in the reaction and 
makes no significant contribution to the concentration of 
thyroxine in the reaction vessel. Its quantity can there- 
fore be varied without upsetting the balance of the react- 
ants, 20 mg. of carrier thyroxine being used throughout. 
If it contained impurities which do upset this balance, 
their effect should become less apparent as their quantity 
is decreased. Thus in some experiments the entire yield of 
thyroxine from a rabbit gland was used in making a single 
measurement, whereas in others the smallest quantity was 
used which would permit sufficiently accurate counting of 
the supernatant and precipitate. 

In practice it was found that these variations in the 
quantity of biosynthetic [#*!I]thyroxine did not alter the 
result obtained from diazo coupling. Hence it was inferred 
that substances which interfere with diazo coupling had 
been either eliminated during the purification of che 
thyroxine or decreased to insignificantly low levels. 


RESULTS 


Alkaline butan-l-ol extracts of the thyroid 
hydrolysates from rabbits killed 24 hr. after the 
dose of I contained 20% of the total radio- 
activity of the gland. In rabbits killed 6 hr. after 
the dose, only 13% was extractable into butanol. 
In each case about 50% of the extractable radio- 
activity was present as thyroxine. In rats killed 
3 hr. after the dose, 12 % of the radioactivity of the 
thyroid hydrolysate was extractable into butanol, 
but often much less than 50% of it was present as 
thyroxine. 

Table 1 shows the precipitation results obtained 
from the diazo-coupling reaction. The quantity of 
the radioactive thyroxine in the rat thyroids was 








Table 1. Results obtained by carrying out the diazo-coupling test with biosynthesized thyroxine 
728%. 


Average of all thirty-four results on biosynthetic thyroxine = 


Duration Number Precipitation (%) 
Source of of expt. of times 

thyroxine (hr.) repeated Range Mean 
Rat 1-0 1 -- 74:0 
3-0 11 70-9-74-8 72-7 

6-0 1 a= 73-1 

28-0 1 _- 72-4 

55-0 1 _- 72-4 

Rabbit 6-0 72-0-74-6 73-5 
24-0 1 71-1-75-0 72-4 


-— >} 





Human 24-0 





74:6 
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small, and hence each gland yielded only sufficient 
to perform a single diazo-coupling test. The 15 
results obtained with rat thyroxine therefore 
represent experiments carried out on 15 different 
animals. With rabbits, however, the thyroxine 
fraction contained a larger quantity of radio- 
activity, more than proportional to the greater size 
of the administered dose. Eighteen results were 
therefore obtained from only nine animals, three 
of which were killed 6 hr. after administration of 
the dose, and the remainder after 24 hr. The single 
experiment which was performed on human 
thyroxine utilized normal thyroid tissue surgically 
removed from a female patient with thyroid carci- 
noma. The patient had received 1-2 mc of [*1I]- 
iodide 24 kr. before operation. The isolation of the 
thyroxine fraction was carried out by the method 
already described for the rabbit glands. 


Standard slope 


The diazo-coupling test was performed several 
times on 20 mg. samples of [3:5-14I,]thyroxine and 
(3’:5’-151I, thyroxine. The results are given in 
Table 2. The mean precipitation figures were taken 
as the ends of the standard slope. Thus since this 
slope runs from 96-3 to 48-9, thyroxine labelled 
uniformly throughout the molecule would be 
expected to give a precipitation figure of 72-6 %. 
The experimental values actually obtained for 
biosynthetic thyroxine (Table 1) were not con- 
sidered to differ significantly from this theoretical 
value. 

The accuracy of the measurements is such that 
all except one of the thirty-four experimental 
results fall within the limits of error which had been 
indicated by the methodological studies (Plaskett, 
1959), ic. 72-8+2-0%. This range corresponds to 
thyroxine containing 46-2-54-3 % of the I on the 
3:5 positions, and the mean result, 72-8, corresponds 
to thyroxine containing 50-4% of the I on the 
3:5 positions. 


DISCUSSION 


As early as 1948, Frieden, Lipsett & Winzler had 
considered that the distribution of I in the 
labelled thyroxine then being used for experimental 
purposes was an important problem. The labelled 





Table 2. Precipitation results obtained by per- 
forming the diazo-coupling test with chemically 
synthesized [3:5-™ 11, ]thyroxine and [3’: 5’-51I, ]thyr- 
oxine 


Number of Precipitation (%) 
Position measurements ———*——————_, 
of label made Range Mean 
3’:5’ 11 47-3-50-2 48-9 
3:5 6 96-1-96-5 96:3 
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thyroxine prepared by biosynthesis was thought to 
differ from that prepared by isotope exchange and 
other labelling techniques, but the difference had 
not been established and measured. The known 
precursor/product relationship between 3:5-di- 
iodotyrosine and thyroxine (Harington, 1944; 
Taurog & Chaikoff, 1947) indicated that biosyn- 
thesized thyroxine may be equally labelled on the 
two rings. For this reason biosynthesized thyr- 
oxine has frequently been employed in tracing the 
metabolic fate of the hormone: such experiments 
were considered to give a more complete account of 
the mechanism of thyroxine breakdown than 
experiments with thyroxine labelled on one ring 
only (Gross & Leblond, 19516; Lissitzky, Roques, 
Bénévent & Pinchera, 1958). 

The results of the present work confirm the view 
that the thyroid glands of the animals which were 
studied exhibit no preferential labelling of either 
ring of the thyroxine molecule. This finding, ob- 
tained with thyroxine isolated very quickly after 
the administration of a radioactive dose, indicates 
that the participation of a protein in hormone 
synthesis exerts no specificity of the kind en- 
visaged above. 

In addition to justifying the assumption, 
frequently made by research workers in the past, 
that the thyroid glands of animals previously in- 
jected with [*I]iodide constitute a source of 
randomly labelled thyroxine, the results of this 
work make possible some further investigations of 
the biosynthesis of thyroid hormone. Since bio- 
synthesized [}*!I]thyroxine is randomly labelled 
and since chemically synthesized radioactive 
hormones are normally labelled specifically in one 
ring or the other, the diazo-coupling technique 
renders it possible to distinguish between endo- 
genously labelled hormones and radioactive hor- 
mones which have been injected. Work is now in 
progress in an attempt to apply the diazo-coupling 
technique to the blood and tissue tri-iodothyronine 
and thus to determine whether this material 
originates in the thyroid gland, or whether it arises 
by the peripheral deiodination of thyroxine. 


SUMMARY 


1. The diazo-coupling technique for determining 
the distribution of 1*1I between the two rings of the 
thyroxine molecule has been applied to radioactive 
thyroxine purified from animal thyroids, and in one 
instance from a human thyroid. 

2. The results indicate that from the earliest 
time after administration of [I]iodide when 
thyroxine samples could be obtained, the radio- 
active atoms were equally distributed between the 
rings of the thyronine nucleus. 
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Studies on the Degradation of Thyroid Hormones in vitro 
with Compounds Labelled in Either Ring* 


By L. G. PLASKETTT 
Medical Research Council Department of Clinical Research, University College Hospital Medical School, 
London, W.C. 1 


(Received 19 October 1960) 


Several independent groups of workers have 
established that preparations of mammalian tissue 
catalyse the deiodination of thyroxine and 3:5:3’- 
tri-iodothyronine (Sprott & Maclagan, 1955; 
Lissitzky, Michel, Roche & Roques, 1956; Tata, 
1958; Yamasaki & Slingerland, 1959; Etling & 
Barker, 1959). Throughout this work, where 
labelled hormones were employed, the radioactive 
tracer was confined to the f ring of the iodothyr- 
onine molecule. Deiodination involved loss of the 
labelled atoms from organic combination, and the 
fate of the thyronine carbon skeleton could not be 
traced. 

Recently, biosynthetic [I ]thyroxine was em- 
ployed for studies in vitro (Lissitzky, Roques, 
Bénévent & Pinchera, 1958; Lissitzky, Bénévent, 
Roques & Roche, 1958) and from the results of this 
work it was claimed that deiodination was the 
simultaneous fate of all four of the thyroxine 
iodine atoms. 

This paper describes work on the metabolism in 
vitro of chemically-synthesized radioactive thyr- 
oxine and 3:5:3’-tri-iodothyronine with the tracer 
confined to the 3:5 positions. It reports the finding 
of an intermediate metabolite, in breakdown of 
thyroid hormone, which has undergone deiodin- 
ation only in the f ring. 

The enzyme system employed was present in a 
rat-liver extract almost identical with that used by 
Maclagan & Reid (1957). 

* This work forms part of a Ph.D. Thesis submitted to 
the University of London. 

{ Present address: Biochemistry Department, Uni- 
versity New Buildings, Teviot Place, Edinburgh 8. 


METHODS 
Synthesis of radioactive compounds 


[3:5-11, |Thyroxine and [3:5-11I, |tri-iodothyronine. These 
compounds were prepared by a modification of the method 
of Michel, Roche & Tata (1952). A specific radioactivity of 
about 240 .c/umole was obtained in the following manner. 
3:5 - Diamino - 4 - (4’- methoxyphenoxy)-N- acetylphenylala- 
nine ethyl ester (50 mg.) was employed in the tetrazotiza- 
tion reaction. Part of the resulting solution was diluted 
tenfold with a conc. H,SO,-acetic acid mixture (1:2, v/v) 
at 0°. A portion (0-1 ml.) of this diluted solution was used 
for the radioiodination reaction. The quantity of the tetra- 
zotized compound which was employed corresponded to 
333 yg. of the original diamine. It was added to 0-66 mg. of 
Nal, 0-33 mg. of I,, 0-08 mg. of urea and 1 mc of [}*I]- 
iodide in 0-2 ml. of water. Approximately 0-05 ml. of 
CHCl, was present and the mixture was maintained at 40°. 

Chromatographic purification of the radioactive inter- 
mediate 3:5-di-iodo-4-(4’-methoxyphenoxy) - N -acetyl- 
phenylalanine ethyl ester was found to be unnecessary. By 
omission of this step a day was conserved during the pre- 
paration. Removal of the protective methyl, acetyl and 
ester groups was carried out by refluxing for 2} hr. with 
0-4 ml. of acetic acid and 0-4 ml. of redistilled HI. 

The radioactive 3:5-di-iodothyronine was iodinated in 
1 ml. of cone. aq. NH, soln. by addition of 2 ml. of ether 
containing non-radioactive iodine. For the preparation of 
thyroxine 3-0 mg. of iodine was used, and for the prepara- 
tion of tri-iodothyronine 1-0 mg. The mixture was evapor- 
ated almost to dryness, redissolved in a few drops of 
ethanol-aq. 2N-NH, soln. (1:1, v/v) and chromatographed 
in butan-l-ol-pentan-l-ol-agq. 2N-NH, soln. (1:1:2). The 
band of thyroxine or tri-iodothyronine was eluted from the 
paper for use. A sample of the tri-iodothyronine was always 
run again in butan-l-ol-aq. 9N-NH, soln. to check against 
contamination with [?*1I]di-iodothyronine. 
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(3’:5’-11,]Thyroxine and [3’:5’-11I,]tri-iodothyronine. 
The procedures employed were those described by Fletcher 
(1956), being modifications of the original method of Gross 
& Leblond (1950). 

Chromatography. This was carried out by the descending 
method on Whatman no. 3MM paper. Marker substances 
were detected by a spray of diazotized sulphanilic acid 
(Gross & Leblond, 1951) or by ceric sulphate staining 
(Bowden, Maclagan & Wilkinson, 1955; Fletcher & 
Stanley, 1955). Four solvent systems were used: butan-1- 
ol-dioxan-aq. 2N-NH, soln. (4:1:5), butan-1-ol—pentan-1- 
ol-aq. 2N-NH, soln. (1:1:2), butan-l-ol-2N-acetic acid 
(1:1), butan-1-ol-ethanol—water (4: 1:5). 

Location and measurement of radioactivity. Radioactive 
chromatograms were scanned with an automatic device 
which draws the paper at the rate of 1 in./hr. past the end 
window of a G.M. B-particle counter. Alternatively, radio- 
autography was employed, with Ilford No-screen X-ray 
film. The radioactivity of liquids was determined by use of 
a G.M. tube (20th Century Electronics, type M6) of 10 ml. 
capacity and a sensitivity towards 1*4I in aqueous solution 
of 12 400 counts/min./pc. 

Preparation of rat-liver extracts. The liver was removed 
from a male Wistar albino rat and plunged into ice-cold 
1:15% (w/v) KCl. It was then removed, a lobe at a time, 
freed from superficial moisture and quickly cut into small 
pieces with surgical scissors. A portion (3 cm.*) of the 
tissue was added to 27 ml. of 1-:15% KCl soln., shaken 
vigorously for 5 min. and squeezed through muslin. The 
extract was made up to 30 ml. with 1-15% KCl and mixed 
with 30 ml. of 0-1mM-scdium phosphate soln., pH 6-0. This 
preparation contained about 200 mg. of protein/100 ml. 
Microscopic examination revealed no whole liver cells. 
There were fragments of cells and cell membranes and 
numerous intact erythrocytes. The oxygen consumption 
of the extract when shaken in air at 37° in a Warburg 
manometer was 5-6 yl./hr./ml. 

Incubation mixture. Samples were made up for incuba- 
tion by adding labelled thyroxine or tri-iodothyronine 
(lg. unless otherwise stated) in 0-5 ml. of 10% propylene 
glycol, to 10 ml. of the buffered extract. Incubation was 
carried out at 37°. 

Separation of reaction products. After incubation, 4 ml. of 
10% horse serum was added, followed by 5 ml. of 20% 
trichloroacetic acid. The mixture was filtered and tke 
residue washed with 5% trichloroacetic acid. The filter 
paper bearing the protein residue was then immersed for 
16 hr. in butan-1-ol (35 ml.) to extract the unmetabolized 
hormone. The butanol-extracted protein was subsequently 
brought into solution by heating for 7 min. with 0-2N- 
NaOH at 100° to ensure complete recovery of substrate 
radioactivity. The sample was thus divided into three 
fractions: a filtrate (Fraction 1), a butanol extract (Frac- 


.tion 2) and a NaOH-digest (Fraction 3). Iodide passes 


into Fraction 1, unchanged thyroxine appears in Fraction 2 
and organic degradation products may be expected in any 
of the three fractions. 

In some experiments, when Fractions 1 or 2 were to be 
studied by chromatography, 20% trichloroacetic acid was 
replaced by 2% phosphotungstic acid as the protein 
precipitant, 

Evidence for deiodination. Maclagan & Reid (1957), who 
used only [3’:5’-1%1I]thyroxine and were concerned pri- 
marily with measurements of deiodination, expressed the 
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radioactivity of Fraction 1 as a percentage of that of the 
total substrate. These authors established that the radio- 
activity of Fraction 1 was composed wholly of inorganic 
iodide by a procedure in which the 1*1I was first oxidized to 
iodine by treatment with cold K,Cr,0,, extracted and 
studied chromatographically. To eliminate the objection 
that K,Cr,0, exerts a destructive effect on some iodine 
compounds, the radioactivity of Fraction 1 was now 
studied by an alternative method. 

Fletcher (1957) found that inorganic iodide could be 
separated from organic iodine compounds during passage 
through a column of AgCl at pH 8-5 in the presence of 
50% ethanol and 1% NaCl. Fraction 1 from a liver 
extract incubated with [3’:5’-!*1I, thyroxine was subjected 
to this test, and 100% of the radioactivity remained 
adhering to the column. This finding was in agreement with 
the view expressed by Maclagan & Reid (1957) that 
Fraction 1 contained no radioactive organic substances. 

Digestion with trypsin. In experiments which required 
the rat-liver protein to be digested with trypsin, the protein 
was first washed free from butanol with ether, dried and 
powdered. A portion (100 mg.) of the powder was sus- 
pended in 5 ml. of 0-1M-sodium phosphate soln. and incu- 
bated with 15 mg. of trypsin (Armour 1-75) at pH 8-4. 
Incubation was continued for 48 hr. at 40° in the presence 
of toluene. 


RESULTS 


Properties of the deiodinating system. Some pre- 
liminary experiments with [3’:5’-1I,]thyroxine 
served to confirm the essential findings of Mac- 
lagan & Reid (1957). The extracts caused 65-80 % 
deiodination of a sample (lyg.) of thyroxine on 
incubation for 15 min. Table 1 records the progress 
of deiodination with time and Table 2 indicates 
initial reaction velocities which were observed at 
different concentrations of substrate. The extracts 
were more active in deiodinating thyroxine when 
incubated at 37° than when maintained at 20°, 
and their activity was almost completely destroyed 
by heating for 10 min. at 100°. 

The extract was next incubated with [3:5-131I,]- 
thyroxine; very little [**I]iodide was produced. 
A detailed study of the organic reaction products 
was undertaken. 

Radioactivity measurements and chromatographic 
studies on the three fractions of the extract. Table 3 
gives figures for the distribution of *14I between the 
fractions and shows the components of each frac- 
tion as found by chromatography. Fraction 2 was 
prepared for chromatography by neutralization 
and evaporation under reduced pressure. Frac- 
tions 1 and 3 were prepared by butanol extraction 
at pH 3 followed by neutralization and evapora- 
tion of the extract. 

(i) Fraction 1. In zero-time controls the radio- 
activity in this fraction consisted only of the iodide 
impurity of the substrate. In samples incubated 
with [3’:5’-™1I,]thyroxine this fraction contained 
73 %, of total substrate radioactivity as inorganic 








654 L. G. PLASKETT 1961] 


iodide. In samples incubated with [3:5-1*I,]- 
thyroxine the radioactivity of Fraction 1 was much 
lower, only 21 % of the total substrate, and was not 
entirley inorganic. Up to 60% of it was present as 
a compound with the chromatographic properties of 
3:5-di-iodotyrosine. These results indicate that 
whereas deiodination occurs readily from the 
3’: 5’ positions of thyroxine, the same is not true of 
the 3:5 positions. 

(ii) Fraction 2. The main radioactive component 
of Fraction 2 was in all cases unmetabolized 
thyroxine. In samples incubated with [3:5-1*1I,]- 
thyroxine this fraction also contained small 
quantities of some unidentified metabolites. No 
tri-iodothyronine was present. 


Table 1. Deiodination of [3’:5’-™1I1,]thyroxine 
(1 yg.) by a potassium chloride extract of rat liver at 
pH 6-0 and 37° 


Progress of the reaction is shown. 


Percentage 
of substrate 


Duration of radioactivity 


incubation appearing in 
(min.) Fraction 1 
0 7-9 
2 25-0 
5 49-3 
10 67-2 
15 70-7 


sium chloride extract of rat liver at pH 6-0 and at 37° 


Initial reaction velocities are given at different concen- 


trations of substrate. : 
Reaction rate 


Concn. of (ug./ml. of extract/min.) 





substrate ome ss 
(ug./mal.) Thyroxine _Tri-iodothyronine 
0-1 0-0097 0-0014 
0-2 0-0192 -— 
0-5 0-0375 — 
1-0 0-0592 —_— 


(iii) Fraction 3. In zero-time controls this 
fraction contained a small amount of thyroxine 
which had not been extracted by the butanol into 
Fraction 2. In samples incubated with [3’: 5’-1°1J,}. 
thyroxine the radioactivity increased slightly 
above control amounts; when extracted and 
studied by chromatography this radioactivity was 
found to be in the form of inorganic iodide. In 
samples incubated with [3:5-"1I,]thyroxine, 53% 
of the total substrate radioactivity was found in 
Fraction 3. The radioactivity was readily extract- 
able into acid butanol and was isolated chromato- 
graphically as a compound indistinguishable from 
3:5-di-iodotyrosine. 1t was run in all four solvent 
systems with markers of 3-monoiodotyrosine, 3:5- 
di-iodotyrosine, 3:5-di-iodo-4-hydroxyphenylpyru- 
vie acid, 4-hydroxy-3:5-di-iodophenyl-lactic acid, 
4-hydroxy-3:5-di-iodophenylacetic acid and 4- 
hydroxy-3:5-di-iodobenzaldehyde. It corresponded 
exactly with the di-iodotyrosine marker in all four 
solvents and did not correspond consistently with 
any of the other markers. The radioactive com- 
pound crystallized with authentic 3:5-di-iodo- 
tyrosine from 50% acetic acid without change of 
specific radioactivity. 

The discovery of radioactive di-iodotyrosine in 
Fraction 3 does not necessarily indicate that this 
substance is produced from [3:5-!1I, thyroxine by 
the liver enzymes, since the preparation of Fraction 
3 involves the use of boiling 0-2N-NaOH soln. 
Moreover, any free di-iodotyrosine formed by the 
liver enzymes would pass into Fractions 1 and 2, 
not into Fraction 3. The result is interpreted to 
mean that thyroxine is metabolized by the liver 
preparation to a compound (X) which adheres 
very firmly to the liver protein and which contains 
the iodine from the thyroxine « ring. This com- 
pound is apparently labile in hot alkali, yielding 
di-iodotyrosine. 

Attachment of compound X to the liver protein. 
The appearance of 53% of the substrate radio- 





Table 3. Metabolism of labelled thyroxine (1 yg.) by potassium chloride extracts of rat liver 
during incubation for 1-5 hr. at 37° 


Distribution of the substrate radioactivity among the fractions of the extract is shown. Each figure is the 
mean result of 10 experiments, quoted to the nearest whole number. The compounds found in the fractions by 


chromatographic analysis are indicated. 


Percentage of total substrate radioactivity 


Fraction 1 
Zero-time control ([3:5-I,jthyroxine _ 6 (iodide) 
or [3’: 5’-181[, }thyroxine) 
Incubated sample, with [3’:5’-151I,]- 
thyroxine 
Incubated sample, with [3:5-1%1I,]- 
thyroxine 


73* (iodide) 


21 (iodide + 
di-iodotyrosine) 


* 


—_— = Pigs 
90 (thyroxine) 
18 (thyroxine) 


26 (thyroxine + trace of di- 


Fraction 2 Fraction 3 


4 (thyroxine) 


9 (iodide + trace of 
thyroxine) 
53 (di-iodotyrosine + 


iodotyrosine + unknowns) trace of thyroxine) 


Finding confirmed by the use of an AgCl column. 
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activity in Fraction 3 indicates that the major 
thyroxine metabolite is more firmly bound to 
protein than is thyroxine itself, since the binding 
resists butanol washing. Attempts were made to 
break this binding by washing in many different 
organic solvents. In these experiments, Fractions 1 
and 2 were prepared as already described, but 
NaOH -digestion was omitted. Instead, the butanol- 
washed liver protein was washed again in ether, 
benzene, ethanol, CHCl,, acetone or carbon tetra- 
chloride. No radioactivity could be eluted from the 
protein by any of these solvents. Boiling, ex- 
posure to strong mineral acids and treatment with 
detergents were tried, but were equally ineffective. 
Treatment for 6hr. with cold 0-1M-trisodium 
phosphate produced the same result as NaOH- 
digestion, di-iodotyrosine being released almost 
quantitatively from the radioactive protein. 
Digestion of the liver protein by trypsin also 
resulted in the disappearance of the butanol- 
insoluble radioactivity and the appearance of 
radioactive di-iodotyrosine. 

Presence of deaminated metabolites. The liver 
extracts from some animals differed from the 
majority in that 4-hydroxy-3:5-di-iodophenyl- 
lactic acid was found in Fraction 3 as well as di- 
iodotyrosine. This compound was identified by the 
same chromatographic tests as those described for 
di-iodotyrosine, and its presence indicated that 
compound X may exist in a deaminated form. The 
relative amounts of the amino and desamino forms 
could not be altered either by varying the substrate 
concentration within the range 0-5—10-0 ug./10 ml. 
of extract or by varying the pH within the range 
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5-0-7:0. Nor did the transamination inhibitors 
p-phenylenediamine and p-chloromercuribenzoate 
in the concentration used (see below) alter the 
relative amounts of these metabolites. 

Metabolism of tri-iodothyronine. The liver ex- 
tracts metabolized tri-iodothyronine less rapidly 
than thyroxine (Table 2), but the changes which 
occurred were qualitatively similar. When the 
extract was incubated with [3:5-11I,]tri-iodo- 
thyronine there was a progressive increase in the 
radioactivity of Fractions 1 and 3 at the expense of 
Fraction 2. The radioactive component of Fraction 
3 was chromatographically indistinguishable from 
the corresponding thyroxine-breakdown product 
and from 3:5-di-iodotyrosine. 

Inhibition of thyroxine metabolism. It was found 
that p-chloromercuribenzoate at a concentration of 
2mm caused 17% inhibition of deiodination. 
Thioglycollic acid at a concentration of 10mm 
caused total inhibition. o-Phenylenediamine and 
o-iodosobenzoate were only effective as inhibitors 
at concentrations greater than 10 mm and sodium 
azide was ineffective at 1 mm. 

The remaining inhibition data are given in detail 
in Table 4. Experiments on [3’:5’-151I,]thyroxine 
give information about deiodination from the 
ring. Experiments on [3’:5’-™1],]thyroxine give 
information about the amount of compound X 
which becomes bound to the tissue protein. 
Phenylhydrazine was a very active inhibitor of the 
reaction and gave the same percentage inhibition 
when studied by the two methods. Iodoacetate 
and cystine preferentially inhibited the protein- 
binding of compound X. In these experiments 


Table 4. Inhibition of the metabolism of thyroxine in potassium chloride extracts of rat liver 


Percentage of total substrate radioactivity 


ct 
Fraction 1 


Inhibition (% 
(theasured by 

A + loss of yield 
Fraction 2 Fraction 3 in Fraction 3) 


Experiments with [3:5-*1I,]thyroxine 


26 53 an 
76-6 124 82-9 
86-5 7-2 94-5 
25:6 47-7 10-8 
37-2 38:7 29-2 
53-7 26-0 55°1 


Inhibition (%) 
(measured by 
loss of yield 

in Fraction 1) 


Experiments with [3’:5’-1*4I, }thyroxine 


Inhibitor 

No addition 21 
Todoacetate (10 mm) 11-0 
Phenylhydrazine 

(0-5 mM) 6-3 
Cystine 

(0-5 mm) 26-7 

(2 mm) 24-1 

(4 mm) 20:3 
No addition 73 
Todoacetate (10 mm) 39-7 
Phenylhydrazine (0-5 mm) 9-6 


Cystine (4 mm) 66-0 


18 9 _ 

52-7 7-6 49-7 
81-0 9-4 94-6 
26-8 7-2 12-5 
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cystine could be replaced by cysteine. Two moles of 
cysteine produced the same degree of inhibition as 
a mole of cystine; the substances are presumably 
interconvertible in the liver extract, and the 
sulphydryl compound may well be the active 
inhibitor. 


DISCUSSION 


Although thyronine was identified as a product 
of thyroxine breakdown in vitro only recently 
(Lissitzky, Bénévent, Roques & Roche, 1958), it 
has long been realized that total deiodination was 
the eventual fate of thyroxine in vivo (Myant & 
Pochin, 1950). Studies on intermediate thyroid- 
hormone metabolism have therefore centred upon 
the identification of a metabolite with a modified 
side chain (Roche, Michel & Tata, 1954; Lachaze & 
Thibault, 1951; Roche, Michel, Jouan & Wolf, 
1956), or upon isolation of partially deiodinated 
products, especially 3:5:3’-tri-iodothyronine (Al- 
bright, Larson & Tust, 1954; Sprott & Maclagan, 
1955). The work reported in this paper indicates 
that tri-iodothyronine is not produced from 
thyroxine by liver extracts. It establishes the 
formation of a partially deiodinated metabolite 
(compound X) which can be recovered from the 
extract with a yield of over 50% and which con- 
tains two iodine atoms corresponding to the 3:5 
iodine atoms of the thyroxine substrate. The fact 
that this metabolite becomes bound to the protein 
of the extract is presumably responsible for its 
accumulation in high yield, for in the bound con- 
dition it is not subject to further breakdown by the 
liver enzymes. The great stability of this protein- 
binding over a wide range of conditions and its 
ready destruction by cold weak alkali suggests 
that compound X may be held to the protein by 
chemical linkage. The disintegration of compound 
X on tryptic hydrolysis of its binding protein 
suggests that it is very unstable when in free 
solution. This fact may account for the appearance 
of some di-iodotyrosine in Fraction 1. 





Thyroxine 
(appears in 


Fraction 2) About 25% 


Di-iodotyrosine 
(appears in Fraction 1) 


It is to be regretted that the lability of the free 
compound X has so far rendered its isolation and 
identification impossible. The appearance of di- 
iodotyrosine as its breakdown product indicates 
that the effect of alkali is to hydrolyse off the 
deiodinated f ring or some part of it. This lability in 
alkali is perhaps the best clue to the structure of 
compound X. 3:5-Di-iodothyronine, for example, 
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which is a theoretically possible metabolite of 
thyroxine, would not have been alkali-labile. The 
best parallel to the behaviour of compound X is to 
be found in the work of Lissitzky & Bouchilloux 
(1957) on hydroxylated thyronine derivatives, 
3’-Hydroxythyronine is auto-oxidizable, and the 
corresponding o-quinone undergoes spontaneous 
hydrolysis of the diphenylether link, yielding 
tyrosine. If, as suggested by Wilkinson (1956), 
deiodination is a hydrolytic reaction rather than a 
reductive one, the formation of hydroxylated 
derivatives of 3:5-di-iodothyronine is the likely 
result of deiodination of the thyroxine f ring. 

3’-Hydroxy-3:5-di-iodothyronine has been syn- 
thesized by Doskotch & Lardy (1958). A sample of 
this material was incubated with rat-liver extract 
to compare its behaviour with that of compound X. 
Its fate was followed by chemical estimations of 
1277, At the concentrations used (0-44 and 4-4 um) 
this compound adhered to the protein of the 
extract in a form which resisted butanol extraction 
(i.e. its iodine appeared in Fraction 3 in a yield of 
35-50%) and the main iodine-containing com- 
ponent of Fraction 3 had the chromatographic 
properties of 3:5-di-iodotyrosine. 

If compound X is indeed structurally related to 
3’-hydroxy-3:5-di-iodothyronine, its ready combi- 
nation with protein may be explained in terms of 
the known chemical properties of o-quinones. 
Mason (1955) reports that these substances com- 
bine with proteins by a reaction involving the free 
amino or sulphydryl groups. Addition of a high 
concentration of sulphydryl compounds would 
inhibit this type of protein-binding, producing the 
effect recorded in Table 4. 

The only work known to the author in which a 
quinone was claimed to be a product of thyroxine 
breakdown is that of Allegretti (1954). This was 
2:6-di-iodo-p-quinone, which was formed, accord- 
ing to that author, without deiodination from 
either ring. The findings have been questioned by 
Pitt-Rivers & Tata (1959). 


About 75% 


—> Compound X (unstable) —-——-> Compound X-protein (stable) 


(appears in Fraction 3) 


The difference between the findings of the 
present paper and those of Lissitzky (1958) et al. 
may be due to the use by those workers of surviving 
tissue slices in place of an extract or homogenate. 
Whole cells presumably contain a complete enzyme 
system for the destruction of thyroxine, whereas 
in less complete tissue preparations the later stages 
of the metabolic pathway are not active. 
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SUMMARY 


1. [3:5-151I,]Thyroxine has been incubated with 
extracts of rat liver and it was found that deiodin- 
ation from the thyroxine « ring occurs very 
slightly or not at all. 

2. Experiments with [3’:5’-11I,]thyroxine con- 
firmed previous findings that the iodine atoms on 
the f ring are released as inorganic iodide. 

3. Organic metabolites were produced which 
adhered to the protein of the liver extract. These 
contained the iodine from the « ring, since on 
treatment with alkali they yielded 3:5-di-iodo- 
tyrosine and 4-hydroxy-3:5-di-iodophenyl-lactic 
acid. 

4. The possible identity of these metabolites is 
discussed. 

The author wishes to thank Dr H. A. Lardy for his gift 
of 3’-hydroxy-3:5-di-iodothyronine and Dr E. Shalom for 
carrying out the iodine estimations. This work was under- 
taken during tenure of a grant from the Rockefeller Funds 
of the Medical School and was completed on behalf of the 
Medical Research Council. 
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Determination of the Distribution of }*‘I in Biosynthetically Labelled 
[I] Tri-iodothyronine Isolated from the Thyroid Glands of Rabbits 


By L. G. PLASKETT* 
Department of Clinical Research, University College Hospital Medical School, London, W.C. 1 


(Received 26 October 1960) 


The reaction between thyroxine and m-nitro- 
benzenediazonium chloride has been utilized for the 
localization of ™I in biosynthesized thyroxine 
(Plaskett, 1959). Coupling occurs in the position 
ortho to the phenolic group and some of the iodine 
from the thyroxine f ring is displaced from organic 
combination. The inorganic iodide is separated 
from the organic constituents of the mixture, and 
its radioactivity determined separately. 

This paper reports the application of this tech- 

* Present address: Department of Biochemistry, 
University New Buildings, Teviot Place, Edinburgh 8. 


42 


nique to a study of 3:5:3’-tri-iodothyronine (re- 
ferred to as tri-iodothyronine). The work was under- 
taken on account of its importance in elucidating 
the pathway of tri-iodothyronine biosynthesis. The 
formation of tri-iodothyronine from thyroxine in 
the thyroid gland was long thought unlikely because 
the thyroid deiodinases (Roche, Michel, Michel & 
Lissitzky, 1952; Roche, Michel, Michel, Gorbman 
& Lissitzky, 1953) were reported to be inactive 
towards thyroxine. However, Pitt-Rivers & Tata 
(1959) have found that pig-thyroid deiodinase 
deiodinates thyroxine if freed from blood proteins. 
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An alternative route of tri-iodothyronine forma- 
tion is the coupling of 3-monoiodotyrosine and 
3:5-di-iodotyrosine with the elimination of one 
alanine side-chain by a reaction analogous to the 
one which generates thyroxine from di-iodotyrosine 
(Harington, 1944). 

It has already been demonstrated that thyroxine 
formed in the thyroid gland of the rat or the rabbit 
after a dose of [!*!I]iodide is equally labelled with 
radioactivity on the two rings (Plaskett, 1961). If 
tri-iodothyronine were formed from thyroxine by 
the loss of one iodine atom, it would be expected 
that the labelling of the tri-iodothyronine would be 
such that the iodine on the two rings is of equal 
specific radioactivity. If, alternatively, tri-iodo- 
thyronine is formed by the coupling of monoiodo- 
tyrosine and di-iodotyrosine, the two rings are 
being contributed by two dissimilar precursors, 
which may differ in specific radioactivity. 

The localization of ™I in tri-iodothyronine was 
undertaken in an attempt to distinguish between 
these two possibilities. 


EXPERIMENTAL AND RESULTS 


Adaptation of the diazo-coupling technique for use 
with tri-iodothyronine. It had been hoped originally 
that the I in tri-iodothyronine could be studied 
by a preliminary iodination of the 5’-position with 
127T, followed by diazo-coupling of the thyroxine 
product. In practice, however, it was not possible 
to effect the iodination without also causing loss of 
131T from the 3’-position by an exchange reaction. 
Coupling was therefore carried out by using un- 
modified tri-iodothyronine. In this reaction it was 
expected that the yield of inorganic iodide from 
the 8 ring would be very small, since the reacting 
diazonium salt may couple in the untenanted 5’- 
position. It was expected that this position would 
have to be blocked by some substitue t other than 
iodine before the coupling reaction could be use- 
fully employed. Surprisingly, when the reaction 
was carried out with [3’-1I]tri-iodothyronine, 
47-8% of the total radioactivity appeared in the 
supernatant (iodide) fraction. This can be attribu- 
ted to a preferential coupling in the position 
occupied by the iodine atom, since in the work on 
thyroxine it was established that no important 
quantity of any 3’:5’-bisazo derivative was formed. 

In adapting the coupling reaction for use with 
tri-iodothyronine some modifications of procedure 
were inevitable. The technique as originally de- 
scribed for thyroxine (Plaskett, 1959) is divisible 
into four stages of manipulation: (1) purification of 
radioactive thyroxine by precipitation; (2) pre- 
paration of the thyroxine solution for coupling; 
(3) coupling; (4) separation of the fractions by 
precipitating the azo-compounds and assay of 1I 
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in the supernatant and precipitate. Stage (3) was 
in no way altered. Stage (4) was rendered faster 
and more accurate by the use of a different solvent 
for bringing the precipitate into solution: the 
original solvent [0-2N-NaOH-aq. 40% (v/v) 
ethanol-aq. 5-4 % Teepol 530 (2:1:1, by vol.)] was 
modified by mixing it with pyridine in the ratio 1:] 
(v/v). Stage (2) was altered only by improved 
accuracy in measuring the components of the 
mixture; this was achieved by handling larger 
volumes. Small inaccuracies in the concentration 
of Na,S8,0,,5H,O significantly affected percentage 
precipitation. Each batch of purified tri-iodo- 
thyronine was dissolved therefore in 5-3 ml. of a 
mixture of 2-00N-NaOH—water—Na,S8,0,,5H,0O soln. 
(5-4 mg./ml.) (12:31:10, by vol.). The weight of 
tri-iodothyronine used throughout was 16-75 mg. 
In stage (1) 16-75 mg. of tri-iodothyronine was 
mixed with biosynthetic [1*!I]tri-iodothyronine in 


solution in ethanol-aq. 2N-NH, soln. (1:1, v/v) and | 


then evaporated to dryness under reduced pressure. 
The residue was dissolved in 10 ml. of 0-5N-NaOH 
and reprecipitated by addition of conc. HCl. Some 
experiments were made in order to determine the 
optimum volume of conc. HCl to use, since when 
0-7 ml. was used a rather poor yield of precipitated 
tri-iodothyronine was obtained from the acid 
medium. Table 1 shows that tri-iodothyronine is 
very soluble in this medium and that better 
recovery is obtained by precipitating close to 
neutrality. It was extremely important to have a 
constant recovery at this stage, since loss of tri- 
iodothyronine upset the ratios of reactants during 
coupling and gave false values. In the work re- 
ported here 0-52 ml. of conc. HCl was used through- 
out. 

Standard slope. The diazo-coupling reaction was 
carried out several times with [3’-I]- and 
[3:5-181],]-tri-iodothyronine. Table 2 gives the 
results of these determinations, which fix the 


Table 1. Precipitation of tri-iodothyronine 
by acidification of the medium 


In each experiment, acid was added to 16-75 mg. of 
radioactive tri-iodothyronine in 10 ml. of 0-5n-NaOH solu- 
tion. The tri-iodothyronine used was iodide-free, having 
been previously reprecipitated. 


Vol. of conc. Recovery of tri- 


HCl added Excess of HCl iodothyronine 

(ml.) (m-equiv.) (% 

0-80 3-0 89-9 
0-76 2-6 90-3 
0-72 2-2 91-5 
0-70 2-0 91-9 
0-66 1-6 92-7 
0-64 1-4 93-6 
0-62 1-2 93-8 
0-56 0-6 95-7 


0-50 Nil 97-6 
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Table 2. Precipitation results obtained by performing the diazo-coupling test with [!**I]tri-iodothyronine 


No. of Percentage precipitation 
Position of label and source measurements |! 
of tri-iodothyronine made Range Mean 
3’ (synthetic) 51-3-54-2 52-2 
3:5 (synthetic) 96-3-96-6 96-5 
All positions (biosynthesized) 80-82-83-05 81-6 








extreme points of the standard slope at 52-2 and 
96-5 %. Tri-iodothyronine containing equal quanti- 
ties of I on each ring would therefore give 
74-35% precipitation. Tri-iodothyronine having 
the same specific radioactivity on the two rings 
would give 81-74% precipitation. 

Isolation of tri-iodothyronine from the thyroid 
glands of rabbits. Male rabbits (2-2-5 kg.) were 
each injected intravenously with 300 yc of [*1I]- 
iodide in sterile 0-9 % NaCl soln. They were killed 
after 24 hr. by an intravenous injection of Nem- 
butal. The thyroid gland was dissected out and 
hydrolysed by refluxing for 20hr. in 5ml. of 
2n-NaOH. The hydrolysate was extracted once 
with an equal volume of ether and once with an 
equal volume of CHCl,. These extracts, which 
together contained less than 2% of the total 
radioactivity, were discarded. The hydrolysate was 
next extracted with an equal volume of butan-1-ol. 
This extract, which contained 20% of the total 
radioactivity, was evaporated to a small volume 
under reduced pressure, applied quantitatively on 
the origin of a paper chromatogram, and developed 
in butan-l-ol-2Nn-acetic acid (1:1, v/v). The posi- 
tions of the radioactive peaks were determined by 
means of an automatic-recording B-particle counter. 
The iodothyronine peak (R, 0-93) was eluted and 
re-run in butan-1-ol—pentan-1-ol—aq. 2N-NH, soln. 
(1:1:2, by vol.). On this chromatogram a small 
radioactive peak running ahead of thyroxine 
(R, 0-53) corresponded with authentic tri-iodo- 
thyronine markers. This peak was eluted and re- 
run in butan-1l-ol-aq. 9N-NH; soln. (1:1, v/v). Its 
radioactivity was separated by this procedure into 
three components, one of which corresponded with 
authentic tri-iodothyronine markers. This peak was 
eluted, and on running again in several different 
solvents was found to contain only tri-iodothyro- 
nine. The yield of tri-iodothyronine represented 


- 0-7-0-9 % of the total radioactivity of the gland. 


The chromatograms were developed by the 
descending method on Whatman no. 3MM paper. 

Results of diazo-coupling. These are given in 
Table 2. The mean value for percentage precipita- 
tation (81-6) indicates, by reference to the standard 
slope, that the rabbit tri-iodothyronine contains 
33-6 % of its total “I on its 8 ring. This result is 
very close to the finding which would be expected 
if the specific radioactivities of the iodine on the 


two rings were equal (i.e. random labelling), in 
which case 334 % of the 1I would appear on the B 
ring. 

The main factor limiting the accuracy of the 
measurements in this work was statistical error in 
the assay of 17. It can be shown that the standard 
deviation (8) of the percentage precipitation is 


given by 
wy 
(x+y) 


where x and y are the total counts recorded on the 
supernatant and precipitate respectively in a 
given time, ¢. The minimum value of ¢ used was 
such that z > 3000 and y > 12000. This gives 
§ = 0-33 as a maximum. Ten of the sixteen 
measurements gave results within the range 
81:61+0-33. The results are therefore no less 
accurate than the best accuracy permitted by the 
counting data, and it may be supposed therefore 
that errors in the chemistry of the reaction do not 
contribute significantly to the variation observed. 
This situation is attributed to the improvements in 
manipulation which are described in this paper, and 
it is in contrast with the work on thyroxine where 
manipulative error was considered to contribute 
significantly to the variation of the results. 


DISCUSSION © 


It is clear that if the thyroid gland were capable 
of incorporating !1I more rapidly into one ring of 
a hormone than into the other, the effect would only 
be apparent for a short period after giving the 
radioactive dose before the various iodine pools of 
the body have become fully equilibrated with the 
injected isotope. It might be argued therefore that 
although the tri-iodothyronine of the rabbit 
thyroid was randomly labelled after 24hr., this 
does not necessarily indicate that it was also 
randomly labelled during the first few hours after 
the dose was given. It is valid to assume, however, 
that much of the [!*4I]tri-iodothyronine synthesized 
during the first few hours will remain in the gland 
until 24 hr. Thus if the hormone is synthesized with 
preferential labelling of one ring at any time during 
the 24hr., this preference would be detected in 
spite of dilution with randomly labelled material 
during the later stages of the experiment. 
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The finding that the tri-iodothyronine of the 
rabbit thyroid is randomly labelled after 24 hr. can 
be interpreted in two ways. Either tri-iodothyro- 
nine is formed in the thyroid gland by deiodination 
of thyroxine, or it is formed from monoiodotyrosine 
and di-iodotyrosine pools, which are of equal 
specific radioactivity for most of the 24 hr. period. 
It becomes important therefore to know how the 
radioactivity of the thyroidal monoiodotyrosine 
and di-iodotyrosine varies after a single dose of 
1317, since, if their specific activities are markedly 
different, they are precluded from a role as im- 
mediate precursors of tri-iodothyronine. 

Few records of direct measurements of specific 
radioactivity are available in the literature, but 
information about specific radioactivity may be 
deduced from measurements of di-iodotyrosine/ 
monoiodotyrosine ratios. Thus in a chapter on 
thyroid-hormone biosynthesis, Pitt-Rivers & Tata 
(1959) give a diagram showing the ‘distribution of 
131[ jin the principal iodinated amino acids of 
hydrolysed rat thyroid gland in function of time 
after the administration of I’. The ™I of 
monoiodotyrosine is shown rising rapidly to exceed 
the *1I of di-iodotyrosine by a factor of six to 
seven times at about 6 hr. after the dose. It then 
declines, and di-iodotyrosine/monoiodotyrosine is 
unity at 24 hr. Dr J. R. Tata (personal communica- 
tion) has stated that this diagram is being modified 
in the light of new experiments. The nature and 
sequence of the events are confirmed by the new 
experiments, but the time relations are altered so 
that all the changes occur about twice as rapidly. 
If these events occur similarly in the rabbit, the 
formation of tri-iodothyronine from monoiodo- 
tyrosine and di-iodotyrosine is precluded. 

In a review on thyroid hormones Michel (1956) 
is in agreement with the findings of Pitt-Rivers & 
Tata (1959) when he states that, after ™1I is in- 
jected into animals, monoiodotyrosine is high in 
relation to di-iodotyrosine in the first hours after 
administration of the dose. However, Bois & 
Larsson (1958), in contradiction to this, state that, 
after giving ™I to rats, the di-iodotyrosine/ 
monoiodotyrosine ratio was constant during the 
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period 30 min.—7 days after the dose. This disagree. 
ment in the literature must be resolved before a 
confident statement can be made about the pathway 
of tri-iodothyronine biosynthesis. 

In the present work, the discovery of preferential 
labelling in tri-iodothyronine would have been 
decisive. The discovery, instead, of random 
labelling supports the hypothesis that  tri-iodo- 
thyronine is generated by deiodination of thyr. 
oxine; the drawing of a definite conclusion awaits 
specific-radioactivity measurements on the iodo- 
tyrosines. 


SUMMARY 


1. Radioactive tri-iodothyronine has been iso- 
lated from the thyroid glands of rabbits 24 hr. 
after administration of [1*1I]iodide. 

2. It has been established that the labelling of 
this tri-iodothyronine was such that the specific 
radioactivity of the iodine on the two rings was 
equal. 

3. This finding is discussed in relation to the 
possible pathways of tri-iodothyronine biosyn- 
thesis; it is consistent with the view that tri- 
iodothyronine is formed by the deiodination of 
thyroxine. 


This work forms part of a Ph.D. thesis submitted to the 
University of London. I wish to thank Miss M. O. Hecht 
for assistance with the animal work and Mr William 
Anthony of the National Cash Register Co. for work on the 
statistics of the counting data. The work has been carried 
out on behalf of the Medical Research Council. 
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The Chemical and Biochemical Properties of Fluorocitric Acid 
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Two methods have been devised for the prepara- 
tion of fluorocitric acid (1-fluoro-2-hydroxypropane- 
1:2:3-tricarboxylic acid), the one a biosynthetic 
method (Peters, Wakelin & Buffa, 1953) and the 
other a synthetic method (Rivett, 1953). In the 
biosynthetic method the substance is formed from 
fluoroacetate by living tissues and in the synthetic 
method it is formed from fluoroacetate chemically 
by a method based on a synthesis of citric acid 
(Lawrence, 1897). No alternative route for the 
chemical synthesis of fluorocitrice acid is available. 
Fluorocitric acid has been used widely as an 
enzyme inhibitor despite the fact that the bio- 
synthetic acid differs greatly in its action upon 
aconitase from the synthetic acid (Morrison & 
Peters, 1954). It has recently been discovered 
(Ward & Peters, 1957) that what were thought to 
be pure samples of synthetic fluorocitric acid could 
be resolved chromatographically into a large 
number of components. The object of the present 
work has been to investigate the properties of some 
of these components in greater detail and to com- 
pare their biochemical activity with biosynthetic 
fluorocitric acid. 


EXPERIMENTAL 


Materials. Samples of triethyl fluorocitrate were pre- 
pared by Dr E. M. Gal and Dr N. F. Taylor. Dr E. M. Gal 
also prepared fluorocitric acid containing ™“C (1-fluoro- 
2-hydroxy-[3-'C]-propane-1:2:3-tricarboxylic acid). The 
barium salt of fluorocitric acid was prepared by Dr D. E. A. 
Rivett. Trisodium fluorocitrate was prepared by Dr J. 
Walker. All the above-mentioned samples were synthe- 
sized by the method of Rivett (1953). Fluorocitric acid was 
prepared biosynthetically from rabbits by Peters et al. 
(1953). Silicie acid (Mallinckrodt Chemical Works) was 
obtained from Savory and Moore Ltd. Solvents for paper 
and column chromatography were of AnalaR grade. 

Paper chromatography. This was done on Whatman no. 1 
paper in glass tanks by upward solvent development. The 
solvent was propan-l-ol-aq. ammonia soln. (sp.gr. 0-880)— 
water (6:3:1, by vol.). A solution of fluorocitric acid 
(10 ul. containing 100 ug.) was spotted on the paper and 
components were detected by the use of indicator sprays 
according to the method of Reid & Lederer (1951). 

Column chromatography. Ion-exchange chromatography 
was carried out according to the method of Peters et al. 
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(1953) on the “C-labelled sample of fluorocitric acid pre- 
pared by Dr E. M. Gal. Samples of the acid (50 mg.) were 
chromatographed with 0-02N-HCl as an eluent. The eluate 
was collected in 5 ml. fractions and the peaks were de- 
tected by pipetting and drying 0-1 ml. samples from each 
fraction on aluminium planchets. The radioactivity of the 
samples was measured with an end-window Geiger counter. 
Self-absorption was negligible provided that the quantity 
of material on the planchets did not exceed 0-25 pymole of 
fluorocitric acid, or similar amounts of other components. 

Silicic acid-column chromatography was used according 
to the procedure of Bulen, Varner & Burrell (1952), except 
that 2-2 ml. fractions were collected. The peaks were 
detected by titration of appropriate fractions with 0-1N- 
NaOH. This was done directly in the collecting tubes by 
adding 1 ml. of CO,-free water and 1 drop of phenol red and 
using a standard Conway burette, to the outlet of which 
had been attached a glass tube drawn to a fine capillary at 
itsend. Air free of CO, was bubbled through the contents of 
the test tubes during titration to facilitate intimate con- 
tact between the two phases without producing an emulsion. 
Radioactive acidic components were detected as described 
above as well as by titration. 

Preparation of samples for chromatography. Both 
synthetic and biosynthetic samples of fluorocitric acid were 
chromatographed as free acid. The sodium salt was con- 
verted into the free acid by passing a solution of it down an 
Amberlite IR-120 column, which was washed with water 
and the combined effluents were evaporated (Ward, Gal & 
Peters, 1956). Triethy] fluorocitrate was hydrolysed under 
both alkaline and acid conditions (see -below). 


Estimation of biological activity of fluorocitric acid 

Tests were made on (a) guinea-pig-kidney particles with 
citrate as substrate, or (b) pigeon-brain particles with 
pyruvate and fumarate as substrate, or (c) isolated soluble 
aconitase. 

Kidney-particle test. This was done essentially as de- 
scribed previously (Peters & Wakelin, 1957) but in the 
later tests the kidneys were treated for 1-5 min. in a Potter 
homogenizer instead of grinding them in a mortar. Too long 
a period of homogenization gave a preparation in which the 
aconitase, even though it was still very active, was little 
inhibited by fluorocitrate. Poor inhibitions by fluorocitrate 
also occurred if more than 1 umole of citrate was left after 
the 30 min. shaking at 38°. The particles prepared from a 
pair of kidneys (dry wt. approx. 50 mg.) were suspended in 
a mixture of 1% (w/v) KCl solution and 0-1mM-KH,PO, 
neutralized to pH 7:2 with NaOH. Inhibition of citrate 
metabolism in the particles was induced by the fluoro acids 
and measured as follows. A mixture of kidney-particle 
suspension (1-9 ml.), 0-8% MgCl,,6H,O solution (0-1 ml.), 
adenosine triphosphate (0-33 mg. of disodium salt in 
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0:1 ml.), trisodium citrate (10 zmoles in 0-4 ml.), fluoro acid 
as sodium salt in 0-1ml. and 1% (w/v) KCI solution 
(0-3 ml.), was incubated for 30 min. at 38° in air. After 
incubation, 25 % (w/v) trichloroacetic acid solution (1-0 ml.) 
was added, and solid material was centrifuged or filtered off. 
Citrate was estimated in the supernatant solution by the 
method of Taylor (1953). A control experiment was run 
with 1% (w/v) KCl solution in place of the fluoro acid 
solution and served as a standard by which the inhibition of 
the utilization of citrate caused by the fluoro acids could be 
measured. 

Brain-particle test. This was done as described by Peters 
& Wakelin (1957). It was used to distinguish between 
fluorocitrate and fluoroacetate when they are present in the 
same solution; the brain particles are insensitive to fluoro- 
acetate, hence the relative amounts of the two substances 
can be measured by comparing the inhibition obtained in 
kidney particles with that obtained in brain particles. 

Isolated aconitase test. This test was carried out essentially 
as described by Morrison & Peters (1954), at first with 
purified aconitase prepared by Dr J. F. Morrison, and later 
with an aconitase preparation taken to the first ethanol 
precipitate stage as described by Morrison (1954). The 
cuvettes contained 2-amino-2-hydroxymethylpropane-1:3- 
diol (tris)-HCl (0-05m) buffer, pH 7-4 (0-3 ml.), enzyme 
(0-1-0-2 ml.), neutralized inhibitor and water to 2-75 ml. 
After standing for 10 min. sodium (-+)-isocitrate (2-76 p- 
moles in 0-01 ml.) was added from a micrometer syringe and 
the rate of formation of cis-aconitate was determined by 
measuring the increase in extinction of the solution at 
240 mp every 0-5 min. from 0-5min. to 4min. after 
addition. Under these conditions the maximum inhibition 
of the conversion of isocitrate into cis-aconitate by fluoro- 
citrate is not more than 69%, irrespective of the amount of 
fluorocitric acid added. The tests were made against a 
control containing no inhibitor. In tris buffer and without 
addition of Fe** ions and cysteine, this preparation of 
aconitase is much more sensitive to fluorocitrate (Peters 
1959, 1961), giving 50% maximum inhibition at 10-®- 
10-°m). The enzyme used contains about 50% still com- 
bined with Fe*+ ions. 


RESULTS 
Chromatography of fluorocitric acid. Paper 
chromatography of specimens of biosynthetic 


fluorocitric acid in the prepared ammonia solvent 
gave a single acidic spot with the same FR, (0-25) as 
citric acid but synthetic samples of fluorocitric acid 
under the same conditions gave as many as four 
acidic spots varying from R, 0-25 to 0-65. 

Ion-exchange-column chromatography as de- 
scribed gave only partial resolution of the sample of 
synthetic radioactive fluorocitric acid (1-fluoro-2- 
hydroxy-[3-4C]-propane-1:2:3-tricarboxylic acid) 
into eight diffuse peaks. Paper chromatography of 
these peaks showed further resolution. Some of the 
peaks gave as many as three acidic spots on the 
paper, there being a gradual change in the relative 
intensity of the three spots from the first to the 
eighth peak. A radioautograph of the paper 
chromatogram showed that some of the strongly 
acidic spots were not radioactive. 
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Silicic acid-column chromatography gave a good 
separation of many of the components in samples of 
fluorocitric acid and the results with any one 
sample were reproducible. Fig. 1 illustrates the 
chromatography by this method. 

Analysis of samples of fluorocitric acid by silicic 
acid chromatography. Fig. 1 (a, b and c) show the 
analysis of three separately synthesized samples, 
They were transformed into the free acid before 


chromatography. In sample (a) each mole of ester 
was hydrolysed by 4:5 g.-equiv. of NaOH at a 
concentration of 0-1N at 20° for 24 hr., and in 





0 
30 60 90 - 150 180 210 240 270 300 
Fraction no. 
Fig. 1. Silicic acidecolumn chromatography of samples of 


fluorocitric acid. Sample (a): synthetic triethyl fluoro- 
citrate hydrolysed by 0-1N-NaOH at 20° for 24 hr. Sample 
(6): a second synthetic triethyl fluorocitrate hydrolysed by 
0-1N-NaOH at 20° for 48 hr. Sample (c): a third synthetic 
triethyl fluorocitrate hydrolysed by n-NaOH at 20° for 
48 hr. Sample (d): a fourth synthetic triethyl fluorocitrate 
hydrolysed by 3N-HCl at 100° for 6 hr. and precipitated as 
the barium salt. Sample (e): biosynthetic fluorocitric acid. 
Fraction volumes were 2-2 ml. and eluting solvents were 
used as follows: fractions 1-48, butan-1-ol—chloroform 
(5:100, v/v); fractions 49-108, butan-l-ol—chloroform 
(15:100, v/v); fractions 109-157, butan-1-ol—chloroform 
(25:100, v/v); fractions 158-300, butan-l-ol—chloroform 
(35: 100, v/v). 
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sample (b) by 4:0 g.-equiv. of NaOH at a concen- 
tration of 0-1N at 20° for 48 hr. and in sample (c) 
by 6-0 g.-equiv. of NaOH at a concentration of 
In at 20° for 48 hr. It can be seen that com- 
ponents 11 and 12 are larger and components 3 and 
4 are smaller when the stronger alkali was used for 
hydrolysis. Sample (d) (Fig. 1) was given to us as 
the barium salt but was converted into the free 
acid before chromatography. It has been prepared. 
from the ester by hydrolysis with 3N-HCl at 100° 
for 6 hr. Components 3 and 4 are small and com- 
ponent 5 is missing, because unlike most of the 
others it forms a water-soluble barium salt and was 
separated in the preparation. The numbering of the 
components in Fig. 1 is identical with that in 
Figs. 2 and 4 and is used throughout the paper. In 
all these synthetic samples the chromatographic 
pattern is extremely similar below fraction 90 and 
above fraction 180 but the middle region between 
fractions 90 and 180 shows a variation with each 
individual sample. Sample (e) (Fig. 1) shows the 
chromatography of 17mg. of fluorocitric acid 
prepared biosynthetically from rabbits treated 
with fluoroacetate. The major component is a peak 
at fraction 225, present also in all the synthetic 
samples. A number of the samples of synthetic 
fluorocitric acid contained citric acid as an impurity 
and this appears on the chromatograms as an extra 
component between components 11 and 12. 

In Fig. 2 a comparison of the acid-containing 
peaks of the synthetic [}4C]fluorocitric acid with 
the radioactivity of the samples shows that the 
acidic component 5 is not radioactive. Three 
minor acidic components in the region of fraction 
120 are also not radioactive but with the remainder 
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Fig. 2. Silicie acid-column chromatography of synthetic 
1-fluoro-2-hydroxy-[3-!4C]-propane-1:2:3-tricarboxylic acid. 
Comparison of acidic and radioactive components. Frac- 
tion volumes were 2-2 ml. and eluting solvents were used as 
follows: fractions 1-48, butan-1-ol—-chloroform (5: 100, v/v); 
fractions 49-108, butan-l-ol-chloroform (15:100, v/v); 
fractions 109-157, butan-l-ol-chloroform (25:100, v/v); 
fractions 158-300, butan-1l-ol—chloroform (35: 100, v/v). 
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there is a close correlation between acidity and 
radioactivity. 

Biochemical activity of fluorocitric acid com- 
ponents. Of all the components eluted during 
silicic acid-column chromatography only com- 
ponent 12 in the various samples of fluorocitric acid 
showed marked biochemical activity. This com- 
ponent from all the samples caused decreased 
citrate metabolism in the guinea-pig-kidney test, 
increased the citrate level in the pigeon-brain test 
and inhibited isolated aconitase. Only on one 
occasion did any other component show appreci- 
able biochemical activity. In this instance a 
component eluted around fraction 158 in Fig. 1 (a) 
showed an inhibition of isolated aconitase far 
greater than anything previously measured, but this 
could not be confirmed. The biochemical activity of 
component 12 varied according to the method of 
preparation of the sample. In biosynthetic pre- 
parations it was about twice as active on a weight 
basis as in synthetic ones. Table 1 and Fig. 3 
illustrate this. 

Effect of alkali on synthetic sodium fluorocitrate. 
It was noticed that during a period of 6 months one 
large sample of fluorocitric acid (Fig. 1a) stored as 
the sodium salt in a desiccator showed a change in 
both its chromatographic pattern and its bio- 
chemical properties. Components 3 and 4 had 
become larger and components 11 and 12 smaller 
while the whole sample had become less inhibitory 
to aconitase. When investigating this change it was 
discovered that although it could not be acceler- 





Table 1. Inhibition of citrate metabolism in guinea- 
pig-kidney particles by component 12 from synthetic 
and biosynthetic sources 


The particles were suspended in a mixture of 1% (w/v) 
KCI solution and 0-1M-KH,PO,, neutralized to pH 7-2 with 
NaOH (Peters & Wakelin, 1957). To this suspension 
(1:9 ml.) was added 0-8% MgCl,,6H,O solution (0-1 ml.), 
adenosine triphosphate (0-33 mg. of disodium salt in 
0-1 ml.), trisodium citrate (10 moles in 0-4 ml.), inhibitor 
(2ug. of sodium salt in 0-2 ml.) and 1% (w/v) KCl solu- 
tion (0-3 ml.). After incubating for 30 min. at 38° in air 
25 % (w/v) trichloroacetic acid solution (1-0 ml.) was added 
and solid material centrifuged off. Citrate was estimated in 
the supernatant solution by the method of Taylor (1953). 
The control value was 0-4umole. Results are from one 
experiment in which the samples of fluorocitric acid were 
tested on the same kidney preparation. These results were 
supported by other experiments. 


Citrate 
remaining Inhibition 
Inhibitor (»moles) (%) 
Biosynthetic 1 5-0 48 
Biosynthetic 2 4:0 38 
Synthetic 1 1-8 15 
Synthetic 2 2-4 21 
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ated by treatment with acid it could be reversed by 
treatment with alkali (Table 2). This was the only 
sample that was kept for a period of years as the 
chromatographically heterogeneous sodium salt, 
and the separated components 11 and 12 from all 
samples of the synthetic acid showed no sign of 





Table 2. Effect of alkali on the activity of synthetic 
sodium fluorocitrate and two of its chromatographic 
components towards citrate metabolism in guinea-pig- 
kidney particles 


Components 3 and 4 eluted during silicic acid chromato- 
graphy of synthetic trisodium fluorocitrate and a sample of 
synthetic trisodium fluorocitrate of low biochemical 
activity were treated with alkali as indicated. Samples 
(2 ug.) of the treated substances were added to a prepara- 
tion of guinea-pig-kidney particles. Figures are inhibition 
(%) after incubation for 30 min. at 38° in air. 


Inhibitor 2 


Inhibitor 1 (synthetic 
(components trisodium 
Treatment 3and4)  fluorocitrate) 
Nil 1 6 
0-05n-NaOH at 54° for 1 hr. -— 10 
0-5N-NaOH at 54° for 2 hr. ~- 12 
0-5n-NaOH at 20° for 1 hr. = 9 
0-5n-NaOH at 20° for 24 hr. — 16 
0-5n-NaOH at 50° for 2 hr. 15 —- 
0-5n-NaOH at 55° for 1 hr. 16 14 
0 
20 
- 
2 40 
z 
= 
= 
e 60 
a 
4 
3 
= 80 
100 
0-02 0:01 0-005 0-002 0 
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Fig. 3. Inhibition of isolated aconitase by biosynthetic 
and synthetic fluorocitric acid. A mixture of tris buffer, 
pH 7-4 (0-3 ml.), aconitase solution (0-1-0-2 ml.), neutral- 
ized inhibitor and water to 2-75 ml. was allowed to stand at 
room temperature for 10min. Sodium (+)-isocitrate 
(0-5 zmole) was added and the reaction rate determined by 
measuring the extinction at 240 my from 0-5 to 4 min. after 
addition. Inhibition was determined by comparison with a 
control containing no inhibitor. Maximum inhibition under 
these conditions was 69 % and inhibitions have been plotted 
as percentages of 69%. ©O, Component 12, synthetic 
fluorocitric acid; @, biosynthetic fluorocitric acid. 
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spontaneous conversion into components 3 and 4, 
nor did isolated component 12 show any reduction 
in the inhibition of aconitase after storing. 

The effect of alkali on components 3 and 4 of 
synthetic samples was as follows. Component 3 
was transformed into component 11, which in turn 
was partially transformed into component 10. 
Similarly, component 4 was transformed into 
component 12, which was then partially trans- 
formed into component 7. The first set of trans- 
formations, that is from component 3 into 11 and 
4 into 12, occurred under weaker alkaline condi- 
tions than the second set, in which component 11 
changed to 10 and 12 to 7. This is illustrated in 
Fig. 4. For the maximum production of com- 
ponent 12, the component inhibitory to aconitase, 
the alkaline treatment must be carefully controlled, 
and from Table 3 the best conditions were 0-5n- 
NaOH at 20° for 24 hr. Even so, because the area 
of component 12 in this chromatogram was less 
than half the area of all the components, the actual 
amount of active fluorocitric acid was less than 
half the number of moles of acid present. These 
conditions also produced a sample with the maxi- 
mum inhibition of aconitase (Fig. 3). For the 
optimum production of component 11 slightly less 
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Fig. 4. Silicic acid-column chromatography of synthetic 
fluorocitric acid. Effect of treatment with excess of alkali: 
(a) untreated; (b) excess of 0-5N-NaOH at 20° for 24 hr.; 
(c) excess of 2N-NaOH at 60° for l hr. Fraction volumes 
were 2-0 ml. and eluting solvents were used as follows: 


fractions 1-49, butan-l-ol-chloroform (5:100, v/v); 
fractions 50-117, butan-l-ol-chloroform (15:100, v/v); 
fractions 118-168, butan-l-ol-chloroform (25:100, v/v); 


fractions 169-300, butan-1l-ol—chloroform (35: 100, v/v). 
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d 4, Table 3. Effect of alkali on certain components produced by the silicic acid chromatography 
tion of synthetic trisodium fluorocitrate of low biochemical activity 


Samples (60 mg.) of trisodium fluorocitrate were treated as described in the Table, chromatographed on a 








‘ of silicic acid column and graphs were plotted of fraction number against quantity of 0-01N-NaOH required to 
nt 3 neutralize the fractions. Figures represent the areas under the selected components expressed as a percentage of 
turn the total area under all the components eluted. 
oe Component Component Component Component Component Component 
Treatment 3 4 7 10 ll 12 
wei Nil 11-0 22-2 3-9 3 13-6 23-9 
ans- 0-1n-NaOH at 60° for 1 hr. 2-1 6-9 5-9 3-6 18-8 39-8 
and 0-5n-NaOH at 20° for 24 hr. 2-2 2-2 4:7 2-0 18-0 46-2 
ndi- 0-5x-NaOH at 60° for 1 hr. 2-3 2-3 9-1 5-5 14-6 373 
t ll 2n-NaOH at 20° for 24 hr. 2-6 2-6 12-6 7-4 9-8 33-8 
din 2n-NaOH at 60° for 1 hr. 2-5 2-5 17-5 11-0 7-9 32-0 
om- toa 7 
ase, strong conditions were necessary: namely 0-1N- fraction 85. These conditions would transform cis- 
led, NaOH at 60° for 1 hr. aconitic acid into trans-aconitic acid and it was found 
5N- Optimum conditions for the alkaline hydrolysis of _ that although cis-aconitic acid is some 13 fractions 
area, synthetic triethyl fluorocitrate. It appeared that the less mobile than component 7, treatment of the 
less alkaline conditions previously used for the hydro- mixture of the two under the acid conditions 
tual lysis of triethyl fluorocitrate were too weak and described gave a single component at fraction 85. 
han that stronger conditions would give a better yield Preparation of derivatives of synthetic fluorocitric 
hese of the biochemically active component 12. With the acid components. Free fluorocitric acid as prepared 
axi- results from Fig. 4 and Table 3 component 12 was from the crude synthetic specimens or those pre- 
the obtained in maximum yield when for every mole of pared biosynthetically was found to be extremely 
less triethyl fluorocitrate not less than 6 g.-equiv. of deliquescent. The majority of the chromatographic- 
NaOH at a concentration of 0-5N was used at 20° ally separated components were also highly deli- 
oe for 24 hr. Under these conditions analysis of the quescent. Crystals have been obtained in a 
sodium fluorocitrate so formed produced a chro- desiccator but outside it their life was but a few 
matographic pattern similar to that in Fig. 4 (6). seconds. The sodium salts of the components were 
Acid hydrolysis of synthetic triethyl fluorocitrate. less deliquescent but could not be obtained in a 
This was not studied so closely as alkaline hydro- crystalline form. The preparation of derivatives 
lysis, but the results were again complex. Under to help characterize the components have so far 
aaa the conditions described by Rivett (1953), namely not been very successful. Attempts were made to 
refluxing with 3N-HCl for 6 hr., column chromato- prepare esters, amides, anilides, p-toluidides, p- 
graphy on silicic acid showed that components 3 nitrobenzyl esters, p-phenyl phenacyl esters and 
and 4 were more prominent than under the optimum S-benzylthiouronium salts. The only crystalline 
conditions for alkaline hydrolysis; also a large compounds obtained were the ethyl ester of com- 
non-toxic component was always present around ponent 12 and the ethyl ester and amide of com- 
fraction 165. Components 11 and 12 were present ponent 5. The difficulty in preparing crystalline 
5 in the same relative proportions as they were after derivatives was attributed to the presence of 
alkaline hydrolysis. In order to separate the fluorine atoms in the molecules of the components, 
products of hydrolysis from HCl it was either since similar derivatives were readily prepared 
necessary to extract them continuously with ether with citric acid. 
for about 10 hr. or to precipitate them as their Estimation of citric acid in samples of fluorocitric 
barium salts with barium chloride. By this last acid. During the course of this work it became 
method component 5 was not precipitated. It is necessary to estimate the amount of citric acid 
ad therefore less convenient to separate the products of present in specimens of fluorocitric acid. Some 
300 hydrolysis from the hydrolytic agent when HCl is preparations of synthetic fluorocitric acid contained 
used than when NaOH is used. Excess of NaOH citric acid as an impurity and it was preferable to 
etic may be readily removed by using a cation-exchange _use citric acid-free preparations for further work. 
kali: column as described. Specimens which were shown to be free of citric 
hr.; Effect of acid on fluorocitric acid. Treatment of acid when estimated by the method of Pucher, 
oe crude fluorocitric acid or its sodium salt with acid Sherman & Vickery (1936) appeared to have an 
Iv)3 has little effect on the chromatographic pattern. apparent citric acid content of up to 40% when 
Iv) When warmed with 0-5N-H,SO, for 1 hr. at 65° the estimated by the method of Taylor (1953). The 


|v); 


only significant change was the transformation of 
component 7 into one with its mid-point at 


difference between the estimations was traced to 
the addition of the reagents for oxidation and 
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bromination in Taylor’s method whilst the speci- 
men was still warm from its treatment with strong 
H,SO,. If oxidation and bromination are carried 
out immediately after treatment of the specimen 
with strong H,SO, then the temperature of the 
solution is about 60° at the commencement of 
oxidation and bromination. This made no differ- 
ence for citric acid itself, but it could apparently 
remove the fluorine from fluorocitric acid and so 
leave a product which was estimated as citric acid. 
It is evident that under some conditions the recom- 
mended cooling stage is necessary. All our pre- 
parations of biosynthetic and citric acid-free 
synthetic fluorocitric acid before chromatography 
gave a yellow colour when oxidation and bromin- 
ation by Taylor’s method were carried out in the 
warm. This test was also applied to several of the 
individual column-chromatographic components of 
citric acid-free synthetic fluorocitric acid under 
identical conditions, so that the temperature rise 
due to the dilution of the strong H,SO, would be 
the same. Table 4 shows that a number of com- 
ponents gave a faint-yellow colour but components 
11 and 12 gave it much more strongly. The in- 
tensity of the colour given by components 11 and 
12 was also very similar. 


Table 4. Comparison of fluorocitric acid with citric 
acid in the method for the microdetermination of 
citric acid 


Sulphuric acid (27N; 5 ml.) was added to an aqueous 
solution of the sample (1 mg. of free acid in 5 ml. of n- 
H,SO,) and mixed. Precautions were taken to see that 
both the 27N-H,SO, and the sample for every test were at 
the same (room) temperature. To the warm mixture was 
added immediately 5 ml. of an aqueous solution of 19-386 g. 
of KBr, 5-440 g. of KBrO, and 12-000 g. of NH,VO, in 11; 
after 20 min. 22-0% (w/v) FeSO,,7H,O solution in n- 
H,SO, (2 ml.) was added and the mixture left for 10 min. 
with occasional shaking to remove Br,. Light petroleum 
(b.p. 80—-100°) (6 ml.) was added and the mixture shaken 
for 1 min. The light-petroleum extract was removed, dried 
with anhydrous Na,SO, and 5 ml. was shaken for 1 min. 
with 2% (w/v) Na,§S solution (3 ml.). The aqueous layer 
was removed and filtered into a Spekker 2 cm. microcell. 
The absorption was measured against a blank of n-H,SO, 
from 15 to 30 min. after colour development; an Ilford 
601 violet filter was used. Citric acid (100g. in 5 ml. of 
n-H,SO,) was used as a standard. 


Weight 
Sample (mg.) E 
Citric acid 0-1 0-69 
Component 3 1-0 0-22 
Component 4 1-0 0-15 
Component 7 1-0 0-17 
Component 9 1-0 0-18 
Component 10 1-0 0-06 
Component 11 1-0 0-91 


Component 12 1-0 0-89 


DISCUSSION 


Silicic acid-column chromatography reveals the 
heterogeneous nature of all samples of fluorocitric 
acid. The many components present in synthetic 
samples may be grouped into two categories: those 
produced by side reactions in the synthesis and 
those produced by hydrolysis of the ester. A study 
of the synthesis of citric acid (Lawrence, 1897) 
would suggest that likely impurities due to side 
reactions in the synthesis of triethyl fluorocitrate 
would be ethyl oxalate, formed by decomposition 
of ethyl fluoro-oxaloacetate, ethyl fluorosuccinate, 
formed by the reduction of fluoro-oxaloacetate 
with zine, and ethyl succinate, formed by the 
similar reduction of ethyl bromoacetate. In the 
synthesis in which ethyl bromo-[Me-C]-acetate 
was used, ethyl oxalate, ethyl fluoromalate or 
ethyl fluorosuccinate produced as _ impurities 
would not be radioactive. No sample chromato- 
graphed showed significant components of similar 
mobility to succinic acid or oxalic acid, nor did the 
prominent non-radioactive component 5 appear to 
be either fluoromalic acid or fluorosuccinic acid. 
The structure of component 5 is still being investi- 
gated. 

The most interesting components produced 
during the chromatography of synthetic fluoro- 
citric acid are 11 and 12 and they are probably 
chemically related. Since fluorocitric acid has two 
centres of asymmetry its synthesis would be 
expected to give two racemic diastereoisomers. It 
is very likely that chromatography on silicic acid 
columns would separate these and the similar 
chemical properties of components 11 and 12 
suggest that they are the expected diastereoisomers. 
Component 12, (+ )-fluorocitric acid, contains the 
enantiomorph that is inhibitory to aconitase and is 
the substance that blocks the tricarboxylic acid 
cycle in fluoroacetate-treated animals. Component 
11, which may be designated (+ )-allofluorocitric 
acid, is not inhibitory to aconitase and contains the 
pair of enantiomorphs not synthesized by enzymic 
processes. The proportion of diastereoisomers 
formed in Rivett’s (1953) method of synthesis 
would appear to be approximately 70% of (+)- 
fluorocitric acid and 30% of (+ )-allofluorocitric 
acid. Biosynthetic samples of fluorocitric acid when 
chromatographed on a silicic acid column contain 
no component equivalent to (+ )-allofluorocitric 
acid but they do contain one equivalent to the (+)- 
fluorocitric acid prepared by chemical synthesis. 
This component is about twice as active biochemic- 
ally in biosynthetic as in synthetic samples. Thus it 
would appear that only one of the two enantio- 
morphs of (+)-fluorocitric acid is present in bio- 
synthetic samples. This means that only one of the 
four possible optical isomers with the structure of 
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fluorocitric acid is formed in vitro by rabbit kidneys 
poisoned with fluoroacetate. The stereochemistry of 
fluorocitric acid is closely paralleled by that of 
isocitrie acid, and whilst studying the synthesis of 
isocitric acid, Pucher & Vickery (1946) separated the 
two diastereoisomers of this acid. The similarity of 
the chemical properties of components 11 and 12 is 
shown by the hydrolysis of their esters. After 
mild alkaline hydrolysis of the synthetic ester the 
ratio of components 3 to 11 and 4 to 12 is large, but 
the ratios are progressively decreased as the pH 
and temperature of hydrolysis increases. This 
would suggest that components 3 and 4 are partial 
esters of (+ )-allofluorocitric acid and (+ )-fluoro- 
citric acid respectively. Equivalent-weight deter- 
minations show that components 3 and 4 are 
dibasic and hence may have one ester group intact. 
Simultaneously, with the removal of ester groups 
by hydrolysis, components 11 and 12 are degraded 
to form components 10 and 7 respectively. Another 
similarity between the chemical properties of com- 
ponents 11 and 12 is their extremely similar 
reaction under certain conditions in the estimation 
of citric acid by Taylor’s (1953) method. The 
nature of components 10 and 7 is not yet clear, but 
the behaviour of component 7 after heating with 
dilute acid suggests that it may be cis-fluoroaco- 
nitic acid, and component 10 would then be the 
other structurally isomeric cis-fluoroaconitic acid. 

For qualitative studies with aconitase the mixed 
hydrolysis products of the synthetic ester are often 
useful since only on one occasion was one of the 
by-products found to be inhibitory to aconitase. 
The presence of a biochemically active by-product 
must have been responsible for the observations by 
Morrison & Peters (1954) that synthetic fluoro- 
citric acid caused a smaller decrease of citrate 
metabolism in guinea-pig-kidney particles but a 
greater inhibition of isolated aconitase than does 
biosynthetic fluorocitric acid. We now find that, as 
would be expected, component 12 or (+ )-fluoro- 
citric acid causes half as much inhibition both of 
citrate metabolism in guinea-pig-kidney particles 
and of isolated aconitase as does biosynthetic 
fluorocitric acid. 

When synthetic fluorocitric acid is used as a 
quantitative biochemical inhibitor extreme caution 
will be necessary. It will be important to take into 
account impurities formed both during synthesis 
and hydrolysis of the ester and to make allowance 
for the biochemically inactive (+ )-allofluorocitric 
acid as well as the inactive enantiomorph of (+)- 
fluorocitric acid. If any method other than that of 
Rivett (1953) should be devised for the synthesis of 
fluorocitric acid, then the two racemic diastereo- 
isomers would probably be formed in different 
proportions and due regard would have to be given 
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to the different toxicity of any compound so 
produced. At present, with Rivett’s method of 
synthesis of the ethyl ester, a sample of (+)- 
fluorocitric acid of constant properties and one 
that inhibits aconitase half as much as biosynthetic 
fluorocitric acid can be obtained only by separating 
it with a method such as silicic acid-column 
chromatography. 


SUMMARY 


1. Chromatography on paper and on _ ion- 
exchange and silicic acid columns has revealed the 
heterogeneous nature of five samples of fluorocitric 
acid. 

2. Chromatographically pure samples of bio- 
synthetic and synthetic fluorocitric acid have been 
prepared. 

3. The biochemical activity of components of 
fluorocitric acid produced by silicic acid-column 
chromatography has been studied. 

4. Two types of impurities have been observed 
in synthetic samples of fluorocitric acid: those 
produced during the synthesis of triethyl fluoro- 
citrate and those produced during its hydrolysis. 

5. The hydrolysis of triethyl fluorocitrate has 
been studied and optimum conditions have been 
devised for the production of ( + )-fluorocitric acid. 

6. The stereochemistry of fluorocitric acid and 
the separation of its diastereoisomers on a silicic 
acid column have been discussed. 

7. A comparison has been made of the inhibition 
of aconitase both in guinea-pig-kidney particles 
and in an isolated state by purified biosynthetic 
and synthetic (+ )-fluorocitric acid. 

8. Attempts have been made to prepare deriva- 
tives of components of synthetic fluorocitric acid 
by methods which readily produce derivatives 
with citric acid. 

9. The effect of components of synthetic fluoro- 
citric acid on the quantitative estimation of 
citric acid has been studied. 


We would like to thank Dr E. M. Gal, Dr N. F. Taylor, 
Dr J. Walker and Dr D. E. A. Rivett for samples of ethyl, 
sodium and barium fluorocitrate, and Miss P. Ivall, Mrs R. 
Jourdan, Mr B. Sloss and Mr G. Weston for technical 
assistance at various stages in the work. 
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Estimation of Lactose in Rat Mammary-Giand Suspensions 


By T. F. SLATER* 
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(Received 16 August 1960) 


Excised mammary tissue contains a variable 
quantity of milk or colostrum retained in the ducts 
and alveoli. The importance of correcting bio- 
chemical analyses of mammary tissue for this 
variable quantity of retained fluid has been re- 
peatedly stressed (Folley & Greenbaum, 1947; 
Greenbaum & Slater, 1957a). The standard method 
of measuring the percentage of retained fluid in 
rat mammary-gland suspensions (Folley & Green- 
baum, 1947) is based on the estimation of lactose 
in clear filtrates of mammary suspensions obtained 
after precipitation by ferric hydroxide, lactose 
being estimated by the chloramine-T method of 
Hinton & Macara (1927). The method of Folley & 
Greenbaum (1947) gives good recoveries of added 
lactose from mammary suspensions, and also com- 
pares well with other methods of lactose estimation 
when tried on samples of cow or rat milk (Slater, 
1957). An alternative method for the estimation of 
lactose, based on heating with orcinol (Slater, 
1957), is suitable for samples of milk or of mam- 
mary-tissue suspensions where lactose is the major 
carbohydrate present. The orcinol and chloramine- 
T’ methods do not agree when used with mammary- 
gland suspensions (Slater, 1957); the latter method 
gives higher lactose values. Although protein has 
been shown to affect chloramine-T values to a 
much greater extent than orcinol values (Slater, 
1957) the discrepancy is not solely due to protein 
remaining in the ferric hydroxide filtrates. 

This paper describes work done to elucidate the 
discrepancy between the methods which is particu- 
larly marked when the mammary tissue is taken 
from rats in late pregnancy (18-22 days), when the 
amount of lactose found by the chloramine-T 
method is approximately four times the value 
found by the orcinol procedure. 


* Beit Memorial Fellow. 


METHODS 


The rats used were black and white adults of the Medical 
Research Council strain; body weight, 180-200 g. The 
length of pregnancy was assessed by examination of the 
foetuses. Animals were killed by cervical dislocation and 
the abdominal glands were quickly dissected and placed in 
ice-cold water ; tissue suspensions were prepared with a top- 
drive blender (Folley & Watson, 1948) and were diluted 
1:10 with cold water, Protein was estimated by the 
method of Lowry, Rosebrough, Farr & Randall (1951) with 
ox serum albumin as standard. Free «-amino acid groups 
were determined by Folin’s method (Hawk, Oser & Sum- 
merson, 1947). Free sulphydryl groups were determined as 
described by Stadtman (1957). Deoxyribonucleic acid was 
estimated by the method of Greenbaum & Slater (19570). 
Ferric hydroxide filtrates were obtained by diluting 5 ml. of 
the 1:10 suspension with about 15 ml. of water, adding 
colloidal ferric hydroxide drop by drop until coagulation 
was complete, making up to 25 ml. with water and filtering. 
Other methods of precipitation were by (a) trichloroacetic 
acid [equal volumes of suspensions and cold 10% (w/v) 
trichloroacetic acid were mixed, kept for 30 min. at room 
temperature, diluted and filtered]; (b) molybdophosphoric 
[equal volumes of suspension and 5% (w/v) molybdophos- 
phoric acid were mixed, kept for 30 min. at room tempera- 
ture, diluted and filtered]. Lactose was determined in such 
filtrates either by the method of Folley & Greenbaum (1947) 
or by the method of Slater (1957). 


RESULTS AND DISCUSSION 


The results of lactose estimations performed on 
ferric hydroxide filtrates are shown in Table 1. It 
can be seen that in late pregnancy the lactose titre 
given by the chloramine-T procedure is approxi- 
mately four times the value given by the orcinol 
method. In lactation, however, the ratio is only 
1-7. It would appear from these results that the 
chloramine-T procedure is being affected by some 
interfering substances with reducing properties 
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which do not similarly affect the orcinol method. 
It is unlikely that the orcinol procedure is under- 
estimating, as the experimental procedure is 
vigorous and involves boiling with strong acid. The 
interfering substance may arise from mammary 
tissue itself, being liberated by the process of 
homogenization, or it may itself be a component of 
colostrum and milk. The following possibilities 
were investigated. 
Protein 


With purified ox plasma albumin it was found 
that chloramine-T is destroyed linearly by in- 
creasing concentrations of protein; 5mg. of ox 
plasma albumin added in 10 ml. of solution gave a 
titration difference equivalent to 3-1 mg. of lactose. 
Similar concentrations of protein did not affect the 
orcinol procedure. It is obvious therefore that the 
presence of substantial quantities of protein in the 
ferric hydroxide filtrates may well produce a 
discrepancy between the two methods. 

The protein concentration in ferric hydroxide 
filtrates was therefore investigated at various 
stages of the lactation cycle. It was found that 
appreciable quantities of protein material as 
determined by the method of Lowry e¢ al. (1951) 
were present in the ferric hydroxide filtrates. The 
mean value for filtrates obtained from rats in late 
pregnancy was 235+22mg. of protein/100g. of 
original tissue (nine animals). The calculated 
apparent lactose titre in the chloramine-T reaction 
resulting from this level of protein in the filtrates is 
0:15 g. of lactose/100 g. wet wt. of tissue. Since the 


discrepancy between the chloramine-T and the 
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orcinol procedures is approximately 0-4g. of 
lactose/100 g. of tissue (Table 1, column 5), it 
would appear that the presence of protein in the 
filtrates accounted for about 40% of the total 
discrepancy. The concentration of protein in 
mammary-gland filtrates was greatly decreased by 
saturating the filtrates with ammonium sulphate, 
filtering and estimating protein in the new filtrates. 
Precipitation of homogenates of mammary glands 
with trichloroacetic acid produced filtrates with a 
low protein content (approximately one-sixth of the 
protein concentration found in ferric hydroxide 
filtrates); protein was virtually absent in filtrates 
prepared with molybdophosphoric acid (Table 2) 
(cf. Garbach, Dedic & Philippi, 1955). 


Sulphydryl groups 

Free sulphydryl compounds were investigated 
for their action on the chloramine-T reaction. 
Ergothioneine, cysteine and glutathione reduce 
chloramine-T very rapidly. The rate of reaction is 
virtually independent of pH between pH 4 and 10, 
but is decreased if potassium iodide is added 
during the incubation with chloramine-T. Results 
for glutathione, which is typical of these com- 
pounds, are shown in Fig. 1. 

The mean free sulphydryl-group content of 
ferric hydroxide filtrates was 88+12y-equiv. of 
SH/100 g. wet wt. of tissue. With the value ob- 
tained for the interaction between chloramine-T 
and glutathione (Fig. 1) such a concentration of 
sulphydry] groups in the mammary filtrates would 
lead to an apparent lactose titre in the chloramine-T 


Table 1.'! Lactose estimations by the chloramine-T and orcinol methods on rat mammary-gland filtrates 


Filtrates were prepared with ferric hydroxide as protein precipitant. The numbers in parentheses are the 
numbers of animals used; mean values are given+s.E.M. The values in columns 4 and 5 are direct comparisons 


obtained from assays on samples of the same filtrate. 


Lactose (g./100 g. of tissue) 
aD 





: Orcinol Chloramine-T Column 3 Column 3 — 
Status method method Column 2 column 2 
Virgin 0-12 (6) ~~ oa re 
Late pregnancy 0-16 +0-02 (16) 0-58 +0-06 (16) 3-70+0-39 (16) 0-42+0-07 (16) 
Late lactation 0-86 +0-08 (10) 1-47+0°13 (10) 1-75 +0-40 (10) 0-61 +0-08 (10) 


2-Days involuting 0-92 +0-17 (5) 








2-35+0-41 (6) _ — 


Table 2. Protein and lactose in filtrates obtained from a late-pregnancy mammary-gland suspension 


Lactose in filtrates 


Protein in (mg./10 ml. of filtrate) 
filtrates a= 
(mg./10 ml. Orcinol Chloramine-T 
Method of precipitation of filtrate) method method 
Ferric hydroxide 1-84 0-59 1-82 
Trichloroacetic acid 0-30 0-61 1-10 
Molybdophosphoric acid 0-08 0-62* —f 


* Correction was made for decreased colour development in the presence of molybdophosphoric acid. 


+ Molybdophosphoric acid interferes in the chloramine-T reaction. 
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reaction of 0-07 g./100 g. of tissue. This is approxi- 
mately 15% of the total discrepancy between 
the chloramine-T and orcinol procedures in late 
pregnancy (Table 2, column 5). 


Amino acids 


Amino acids interact to a limited extent with 
chloramine-T in the presence of potassium iodide at 
pH 10, i.e. under the conditions used in the assay 
procedure for lactose with the chloramine-T 
reagent. In the absence of potassium iodide the 
reaction was much more extensive. Fig. 1 illus- 
trates the results obtained with leucine with and 
without potassium iodide addition during chlor- 
amine-T incubation. As protein interferes in 
amino acid-estimation procedures, the amino acid 
results have been corrected for the concentration of 
protein present. (This correction was usually about 
15 % of the overall value.) There was 1-22 + 0-09 m- 
equiv. of amino acid nitrogen/100 g. of tissue in 
ferric hydroxide filtrates during late pregnancy. 


Titration difference (ml.) 





0 20 40 60 80 


Amino acid added (umoles) 


Fig. 1. Destruction of chloramine-T by amino acids. 
0-005 n-Chloramine-T (10 ml.) was incubated with various 
quantities of amino acids, with and without the addition of 
2-5 ml. of 10% (w/v) KI, for 2 hr. at room temperature. 
At the end of incubation 2 ml. of 2N-HCl was added, and 
2-5 ml. of 10% (w/v) KI was added to those flasks incu- 
bated in its absence. The liberated iodine was titrated with 
0-005n-Na.S,0,. Blank values were obtained in the 
absence of added amino acid, and the ordinate shows the 
difference between the blank value and the values obtained 
in the presence of amino acid. Under the conditions used, 
1 ml. titration difference corresponds to 0-86 mg. of lactose 
added during incubation. Glutathione with KI (@), with- 
out KI during incubation (O); leucine with KI (w), with- 
out KI (A); ergothioneine without KI (m). 
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From the reaction values for leucine and chlor. 
amine-T (Fig. 1) it can be calculated that the con. 
centration of free amino acid in ferric hydroxide 
filtrates during late pregnancy (other than amino 
acids with free sulphydryl groups) leads to an 
apparent lactose titre of 0-10 g./100 g. of tissue, 
This is approximately 20 % of the total discrepancy, 

Free amino acids have been reported to interact 
with chloramine-T (Cristol, 1956; Gerok & Waller, 
1956). Both investigations were, however, con- 
cerned with the manometric reaction in the 
absence of potassium iodide. It has been shown in 
this paper that the amino acid—chloramine-T 
reaction can also be followed iodometrically, and 
that both amino acids and sulphydry] groups inter- 
fere with lactose estimations by the chloramine-T 
procedure of Hinton & Macara (1927). The contri- 
butions of the amino acid pool and free sulphydry] 
groups in mammary-gland filtrates to the overall 
discrepancy between the chloramine-T and orcinol 
methods is difficult to assess accurately mainly be- 
cause the destruction of chloramine-T by aminoacids 
and sulphydryl compounds varies with each sub- 
stance (T. F. Slater, unpublished work). Preliminary 
experiments, with paper chromatography, have 
shown that there is a variety of amino acids in 
mammary-tissue extracts in late pregnancy as 
reported by Kuretani (1957). On the basis of the 
results with leucine and glutathione, it would 
appear that 30-40% of the total discrepancy 
between the two methods of lactose estimation 
arises from interaction of chloramine-T with free 
amino acid and with sulphydryl groups in mam- 
mary-gland filtrates. A further 40% results from 
the presence of protein in ferric hydroxide filtrates; 
this can be removed by alternative methods of 
protein precipitation. 


Ion-exchange chromatography 


Ferric hydroxide filtrates from late-pregnancy 
glands were adjusted to pH 9-0 with sodium 


Table 3. Protein, free amino acid nitrogen and 
lactose in ferric hydroxide filtrates of a mammary- 
tissue suspension obtained by pooling two glands from 
animals on the twentieth day of pregnancy 


Estimations were carried out on the untreated filtrate 
and on the same filtrate after passage through Dowex-l 
resin. Values are expressed as pg./ml. of filtrate. 


Filtrate after 


Untreated passing through 
filtrate Dowex 1 
Protein 88 20 
Amino acid nitrogen 4-6 1-5 
Lactose by chloramine-T 103 43 


Lactose by orcinol 56 9 
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hydroxide and were then passed through a column 
(10 cm. x 0-7 cm.?) of Dowex 1 resin (formate form). 
Approximately two bed volumes of filtrate were 
passed through the column, and the resulting 
effluent was rejected. Subsequent effluent was 
collected and, together with the orginal mammary 
filtrate, was analysed for free amino acid nitrogen, 
protein and lactose. Table 3 shows that not only did 
the ion-exchange column decrease the protein and 
amino acid concentrations as expected, but the 
lactose value also fell. Control experiments showed 
that lactose was not adsorbed by the column. 


Retained-fluid content of mammary 
tissue in late pregnancy 


It seems possible that the carbohydrate esti- 
mated by the orcinol procedure in late-pregnancy 
mammary glands is not primarily lactose, since 
Kuretani (1957), using paper chromatography, 
failed to find lactose in extracts of late-pregnancy 
rat mammary gland. However, Shimizu, Shoda, 
Kuretani & Ugami (1957), using the method of 
Malpress & Morrison (1949), reported the presence 
of lactose in such extracts. On the other hand, 
lactose is the predominant carbohydrate in lactat- 
ing mammary gland, although trace amounts of 
other carbohydrates have been reported in rat 
milk in early and late lactation (Iwamura, Hidaka 
& Nonaka, 1956), in human milk (Montreuil, 1957; 
Malpress & Hylten, 1958) and in rat mammary 
gland (Trucco & Caputto, 1954). 

It is possible that such trace carbohydrates 
occur in late pregnancy in similar concentrations to 
those in lactation. If this were true then the ‘trace 
carbohydrates’ would constitute the major part of 
the carbohydrate-reacting component, since the 
total material reacting as carbohydrate is low in 
late-pregnancy extracts. Some evidence that the 
carbohydrate component in such extracts is largely 
bound to an acidic component comes from the 
results shown in Table 3; most of the orcinol- 
reacting material is adsorbed by the anion- 
exchange resin Dowex 1 under alkaline conditions, 
which do not affect free lactose. Such an acidic 
component could be a nucleotide (Wang & Green- 
baum, 1960) or neuraminic acid (Trucco & Caputto, 
1954). However, although lactose is probably not 
the predominant carbohydrate measured by the 
orcinol procedure in late-pregnancy mammary 
suspensions, the carbohydrate so measured may be 
a constituent of retained fluid. If this were so then 
the amount of carbohydrate in a sample of 
mammary tissue could be taken as an indication of 
the level of the retained fluid in that sample. 

It is possible to decide whether the carbohydrate 
component in late-pregnancy samples is a con- 
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stituent of the retained fluid by using the intercept 
procedure of Greenbaum & Slater (1957a). In this 
procedure any component associated solely with 
retained fluid would show an inverse correlation 
with the deoxyribonucleic acid phosphorus (DNA- 
P) of the sample. It is known that DNA-P is 
associated solely with the tissue component of rat 
mammary gland (Greenbaum & Slater, 1957a). 
Such a reinvestigation of the intercept procedure 
in late-pregnancy mammary tissue was desirable, 
since previous values obtained with this approach 
(Greenbaum & Slater, 1957a) used the chloramine- 
T method for estimating lactose, a method shown 
in this paper to be greatly in error. Estimations of 
carbohydrate by the orcinol procedure and of 
DNA-P were made on late-pregnancy suspensions, 
and the regression of DNA-P on carbohydrate was 
calculated. With DNA-P expressed as mg./100 g. 
of gland and carbohydrate as g./100 g. of gland the 
relevant statistical values were: DNA-P = 11-03— 
6-86[carbohydrate]; number of animals = 20; 
regression coefficient = 0-81; P< 0-001; intercept 
on the carbohydrate axis = percentage of carbo- 
hydrate in retained fluid = 1-61 g./100 g. of re- 
tained fluid. The strong inverse correlation reported 
between DNA-P and carbohydrate indicates that 
the carbohydrate component measured by the 
orcinol procedure is present in the retained fluid 
of the gland. It is therefore possible to use the 
carbohydrate concentration of mammary tissue in 
late pregnancy as a measure of the retained fluid 
content of the sample. 

The value found in late pregnancy for the carbo- 
hydrate concentration in retained fluid was 
1-61 g./100 g.; this is reasonably close to the value 
1-88 g./100 g. found by the chloramine-T method 
(Greenbaum & Slater, 1957a). However, although 
the apparent carbohydrate concentration in 
retained fluid is very little altered if the orcinol 
procedure is used in place of the chloramine-T 
method, the concentration found in mammary 
suspensions is very much decreased (Table 1, 
columns 2 and 3). This finding leads to lower values 
for the percentage retention of fluid in mammary 
gland, particularly in late pregnancy, where reten- 
tion appears to be between 10 and 20% (i.e. 10— 
20% of the wet weight of the gland is retained 
fluid). These new figures are more consistent with 
the cytological appraisals of the gland at this stage 
by Weatherford (1929) and Dempsey, Bunting & 
Wislocki (1947) than previous values of approxi- 
mately 40 % given by Greenbaum & Slater (1957a). 
The percentage retention in lactation appears to 
be about 40 % on the basis of the orcinol values for 
lactose (Table 1, column 2), whereas chloramine-T 
determinations had previously indicated values of 
up to 70% (Greenbaum & Slater, 1957a). 
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SUMMARY 


1. The chloramine-T and the orcinol procedures 
for estimating lactose in tissue suspensions of rat 
mammary gland have been compared during late 
pregnancy and in lactation. In lactation, the 
chloramine-T method gives a higher value than the 
orcinol procedure (1-7-fold); the discrepancy is 
greater in late pregnancy (3-7-fold). 

2. Factors contributing to the discrepancies 
have been investigated. Protein coming through 
the precipitation stage, free amino acids and free 
sulphydryl groups all interact with the chlor- 
amine-T reagent under the conditions of the 
lactose assay and thus produce an apparent 
lactose titre. 

3. A reinvestigation has been made of the inter- 
cept procedure correlating deoxyribonucleic acid 
phosphorus with lactose in mammary gland. A 
strong correlation was found and these investiga- 
tions have led to revision of previously published 
values for milk retention in mammary gland. 

4. The occurrence of lactose in late-pregnancy 
extracts is discussed. The results suggest that the 
lactose titre obtained by the orcinol procedure in 
late pregnancy possibly arises from carbohydrate 
components other than lactose and present in 
retained fluid. 


This work was done during the tenure of a Beit Memorial 
Fellowship. The advice and encouragement of Dr A. L. 
Greenbaum is gratefully acknowledged. 


REFERENCES 


Cristol, P. (1956). Bull. Soc. Chim. biol., Paris, 38, 639. 
Dempsey, E. W., Bunting, H. & Wislocki, G. R. (1947). 
Amer. J. Anat. 81, 309. 


1961 


Folley, 8. J. & Greenbaum, A. L. (1947). Biochem. J. 4, 
251. 

Folley, S. J. & Watson, 8. C. (1948). Biochem. J. 43 
204. 

Garbach, G., Dedic, G. & Philippi, E. H. (1955). Hoppe. 
Seyl. Z. 301, 185. i 

Gerok, W. & Waller, H. D. (1956). Klin. Wschr. 84 
1284. 

Greenbaum, A. L. & Slater, T. F. (1957a). Biochem. J. 66, 
148. 

Greenbaum, A. L. & Slater, T. F. (19576). Biochem. J. 66, 
155. 

Hawk, P. B., Oser, B. L. & Summerson, W. H. (1947), 
Practical Physiological Chemistry, 12th ed., p. 517, 
London: J. and A. Churchill Ltd. 

Hinton, C. L. & Macara, T. (1927). Analyst, 52, 668. 

Iwamura, I., Hidaka, T. & Nonaka, M. (1956). Jap. J, 
zootech. Sci. 27, 87. 

Kuretani, K. (1957). Rep. Res. Inst., Tokohu, 33, 80. 
Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, 
R. J. (1951). J. biol. Chem. 193, 265. 
Malpress, F. H. & Hylten, F. E. (1958). 

708. 

Malpress, F. H. & Morrison, A. B. (1949). Biochem. J. 45, 
455. 

Mandel, P. & Bieth, R. (1948). C.R. Soc. Biol., Paris, 142, 
234. 

Montreuil, J. (1957). Bull. Soc. Chim. biol., Paris, 39, 
395. 

Shimizu, H., Shoda, Y., Kuretani, K. & Ugami, 8. (1957), 
Jap. J. zootech. Sci. 28, 239. 

Slater, T. F. (1957). Analyst, 82, 818. 

Stadtman, E. R. (1957). In Methods in Enzymology, vol. 3, 
p. 931. Ed. by Colowick, 8. P. & Kaplan, N. O. New 
York: Academic Press Inc. 

Trucco, R. E. & Caputto, R. (1954). J. biol. Chem. 206, 
901. 

Wang, D. Y. & Greenbaum, A. L. (1960). Biochem. J. 71, 
552. 


Weatherford, H. L. (1929). Amer. J. Anat. 44, 199. 


Biochem. J. 68, 













8, 39, 


1957). 





vol. 3, 
New 


. 206, 


J. 7, 


